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Measurement of Longitudinal Spherical Aberration 
in the Extra-Axial Region of Lenses 


Francis E. Washer and Walter R. Darling 


(April 10, 1962) 


\ method of measuring longitudinal spherical and chromatic aberration in the extra- 


axial region of lenses is described, 


The method employs an especially constructed optical 
T-bench equipped with nodal slide and angle-measuring telescope. 


The determinations are 


based upon measurements of angular deviations in selected small regions of the collimated 


beam emergent from the lens under test. 
together with 


The underlying theory of the method is presented 
a brief description of the apparatus used and techinque of measurement. 


Results of measurement on three lenses are included. 


1. Introduction 


Longitudinal spherical aberration is one of the 
prime causes that prevent a given lens from yielding 
optimum imagery. The measurement of this aber- 
ration is therefore of some interest, as the probable 
image forming qualities may be inferred from an 
analysis of the results of such measurements. Such 
measurements are also of interest in a diagnostic 
sense in that the results of measurement serve to 
explain why the performance of a given lens may fall 
short of expectations. In an earlier paper! the 
senior author described a simple, rapid method of 
measuring the axial longitudiaal spherical aberration 
in an indirect manner. In this process, the lens is 
used to collimate the light from a point source located 
in the focal plane and the angular deviations of 
adjacent portions of the emergent beam from paral- 
lelism are measured; the longitudinal spherical 
aberration is then determined by computations 
using the angular displacements. 

The present paper extends this process to the 
extra-axial region. The problem is somewhat more 
complicated in the extra-axial region, as the lens is 
not rotationally symmetric about a chief ray in- 
clined at angle 8 to the axis; so adequate information 
can be gained only by measuring in two meridians. 
The measurement of longitudinal chromatic aber- 
ration can readily be performed by the same process. 
Results of measurement are presented on three lenses. 


2. Theory of the Method 


The manner in which the values of longitudinal 
spherical aberration are derived from measure- 
ments of angular deviations from parallelism in a 
collimated beam of light emergent from a lens under 
test is described in detail in an earlier paper (see 
footnote 1). In this earlier paper,. the discussion 
was confined to the situation where the luminous 
object was located on the optical axis at or near the 
focus and measurements were made in the axial 


1 F, E, Washer, Optical T-bench method of measuring longitudinal spherical 
aberration, J, Research N BS 61, 31 (1958) RP2ss0, 


collimated beam. Under these conditions, shown 
schematically in figure la, the relation governing 
Af, the displacement 00’ in the figure and e, the 
change in angular deviation of a small portion of the 
collimated beam located at height A from the optical 
axis was shown to be 


ef” 
h 


where / is the equivalent focal length of the lens 
under test. 

For an ideal lens, the quantity ¢/A is invariant 
with varying 4. For a lens affected with longi- 
tudinal spherical aberration, the quantity e/h varies 
with h, and measurement of ¢ as a function of h 
permits the evaluation of longitudinal spherical 
abberration. 


Af (1) 


- 


= R+AaR ~- 

FicuRE 1. Schematic drawing of a lens showing (a) arrange- 
ment for measurement of longitudinal spherical aberration 
on axis and (b) arrangement for measurement of longitudinal 
spherical aberration along a chief ray inclined at angle 8 to 
the optical axis. 
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In the present study, the chief interest is in the 
magnitude of the longitudinal spherical aberration 
as measured along a chief ray inclined at angle 8 to 
the optical axis of the lens system. It is clear from 
figure 1b, that the same principles are involved as on 
the axis. Consequently the following modification 
of eq (1), 


AR el? 


2) 


h ; ~, 


is satisfactory in determining the displacement 0,0. 


of the focus along the chief ray with zone height h. 
In the above equation, 


R: f sec B, (3) 


h is measured normal to the chief ray, and AR=0,0, 
is measured along the chief ray. 


3. Method of Measurement 
3.1. In the Tangential Fan 


The method of measurement is essentially the 
same as that for determination of axial longitudinal 
spherical aberration. However, some changes in 
procedure necessary to make measurements 
along the chief ray inclined at angle 8 to the axis. 
For measurements in the tangential fan, the ap- 
paratus is arranged as shown in figure 2. Initially 
the lens is placed on the nodal slide with its front 
facing the pentaprism through which the angular 
deviations are viewed. The lens is adjusted until 
its rear nodal point is in the vertical axis of rotation 
of the nodal slide and the illuminated target reticle 
is located at the rear focal point of the lens. In 


are 


Figure 2. Test equipment arranged for measurements in the 


tangential fan. 


on the nodal slide in the 
d through an angle 8 
ting system are shown at the right wit} 
e len The parallel] beam of light emergent 
through 90° by the pentapr in the left 
ope at the rear rhe diaphragm covering 
n to a small pencil of ray 


center of the 
ibout the vertical 


addition, the optical axis of the lens is set parallel 
to the bench ways upon which the lens and target 
supports are located. When the target is illumi- 
nated, the light proceeding from the target falls upon 
the rear surface of the lens and emerges from 
the front as a collimated beam of light. This col- 
limated beam is incident upon one face of the penta- 
prism mounted on the ways of the second bench and 
is directed into the viewing telescope located as 
shown in figure 2. 

The telescope objective is equipped with a dia- 
phragm having a small central aperture which is 
centered with respect to the telescope objective. 
When an observer looks through the telescope, he 
sees the image of the illuminated target (either a 
cross or pinhole pattern) superimposed on the cross- 
hairs in the ocular of the viewing telescope. When 
the slide carrying the pentaprism is moved along the 
bench ways, the observer sees the target through 
successive small areas of the lens along its diameter. 
In the event of movement of the image, it can be 
brought into coincidence with the crosshairs by 
appropriate movement of the transverse micrometer. 
Movement of the transverse micrometer changes the 
direction of pointing of the viewing telescope. The 
lateral movement of the micrometer is directly pro- 
portional to the angular change in pointing. Hence 
the change in pointing is a measure of the change in 
direction of a small circular beam of light emergent 
from a given area of the lens under test from the 
direction of another similar area lying along the 
same diameter of the lens. This angular deviation 
e is measured in scale divisions read on the trans- 
verse micrometer. The value of € in scale divisions 
may be converted to radians on multiplying by the 
calibration constant of the micrometer. For com- 
parison purposes the value of ¢€ in scale divisions 
may be used directly, but is usually converted to 
radians for the final evaluation of the longitudinal 
spherical aberration. 

It is customary to a size of diaphragm 
opening small in comparison with the area of the 
lens under test and to select a series of steps so that 
measurements of the deviation of these successive 
small emergent for an entire 
diameter of the lens under test has 
been properly angular deviations 
noted arise from parallax (or angular spherical 
aberration) of the lens under test. 

The scale on the bench carrying the pentaprism 
is used in making the successive settings at selected 
intervals. These are recorded and the 
difference of a given bench scale reading from the 
one in the central position is the zone height, h. 
The readings of the angular micrometer are taken for 
each value of & and the difference of a given microm- 
eter reading from that one in the central position 
is recorded as e. 

The longitudinal spherical aberration usually 
varies with the wavelength of the image forming 
light. It is therefore necessary when making 
measurements to know the wavelength of the light 
used. While it would be desirable to use mono- 
chromatic light, useful measurements can be obtained 


select 


beams can be made 
lens. If the 


focused. the 


settings 
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TaBLe 1. Filters used in controlling illumination of target 


reticle 

Filter Nos insmit 

No, 73 is a narrow band filter 
the value of the wavelength 

by the filter when il 


58 and 25 tr a moderately wide band of wavelengths; filter 
rhe column headed dominant wavelength gives 
that appears to be dominant in the light transmitted 
luminated by standard illuminant “*C 


Filter No, Description Dominant 


wavelength mu 
540, 2 
574.9 
615.1 


lricolor 
Yellow 
rico 


green 
green 
or red 


narrow band 


*Handbook of C 
Rubber Publ, Co., 


hemistry 
Cleveland, 


und Physies (37th 
Ohio (1955-56). 


Ed.) pp. 2730-2734, Chemical 


using filters to control the quality of the light. 
Filters of the type used in photographic processes 
are suitable for the purpose. Moreover, results 
obtained with these filters present a picture of the 
manner in which longitudinal spherical aberration 
is operative under conditions of use. In the present 
study, three Wratten light filters were used; their 
characteristics are given in table 1. Filter No. 
is a narrow-band filter while filters Nos. 58 and 
transmit relatively broad the spectrum. 
These filters are interposed between the primary 
light source and the target reticle, hence the spectral 
characteristics of the light emerging from the lens 
under test are determined by the filter used. 

The foregoing procedure permits evaluation of 
longitudinal spherical aberration, Af, on the axis 
of the lens. ‘To make measurements of longitudinal 
spherical aberration for the tangential fan of a chief 
ray inclined at angle 8 to the axis, it is only necessary 
to rotate the lens through the angle 6 about the 
vertical axis of the nodal slide and to move the 
target away from the lens by amount f (see B—1) 
which places the target in the focal plane at distance 
f tan B from the focal point. Measurements are 
then made in the same manner as was done for the 
axial region. A typical set of measurements is 
shown in table 2 for measurements made in the 
tangential fan for a chief ray inclined at angle 
B=20° to the axis of the lens. In this table, the 
column headed zone height 4 gives the intervals 
along the bench scale at which observations were 
made. The value h=0 corresponds to the center 
of the emergent beam, plus values of / indicate 
positions to one side, and negative values positions 
to the opposite side, of center. For each value of 
h, observed values of the angular deviation e€ using 
each of three filters are listed under the filter Nos. 
58, 73, and 25; the characteristics of these filters 

given in table 1. For positive values of h, 
negative values of e« indicate that the emergent 
beam is i ese that the target is nearer to 
the lens than the focus. More generally when the 
sign of ¢ is the same as that of A, the emergent beam 
is converging; and when the sign of ¢€ is the negative 
of the sign h, the emergent beam is diverging. The 
2 indicate that the emergent 


—. 
fo 
25 


regions of 


are 


or 


values of «shown in table 
beam is diverging and that the target is nearer to the 
lens than the focus for every zone. This is con- 
firmed when the displacement AR, of the target 
from the focal point is determined with the aid of 


| 


| 


TABLE 2. Variation of parallax angle « and apparent target 
displacement ARr as a function of zone height h for a chief ray 
inclined 20° with respect to the axis of the lens 


These values were obtained for lens No. 1, 
focal length of 1 oe 4mm. The values of e were measured in the tangential fan for 
ingle B=20 Values : ire given for three conditions of target illumination deter- 
mined by Wratten filters Nos. 58, 73, and 25, 


a photographic objective having a 


ARrt 
Zone for filter Nos 


height 


€ 
for filter Nos, 


eq (2). For these calculations, it 8 
to use the following modification of eq | 


Saale 


(4) 


where k radians/scale division is used 
to convert ¢ from scale division to radians, f is the 
focal Leneth. of the lens, and 8 is the inclination of 
the chief ray to the lens axis. Values of AR, derived 
from the observed values of ¢ listed in table 2 
shown in the same table under the 
for filters Nos. 58, 73, and 25 

In table 2, the values of AR, for each value of 
h and ¢ are negative as were indicated by opposing 
signs of h and e. It is clear that the magnitude of 
AR, varies appreciably with h. For comparison 
purposes, we may define the average of AR, obtained 
with a given filter as the position of best focus with 
respect to the focal plane for use with that filter. In 
the present instance, it is noteworthy that the 
average value of AR> is different for each filter and 
it is negative for each filter. Sincé the target was 
originally located in the plane of best axial focus, 
it is clear that for image-forming light incident upon 
the lens at an angular inclination of B=20° the 
plane of best focus for use with any one of these three 
filters is nearer to the lens than the plane ¢ 
axial focus. 

This displacement of the plane of optimum focus 
in the extra-axial region from the plane of best axial 
focus arises from curvature of field and could not 
necessarily be anticipated at the start of the measure- 
ments. However, it does not invalidate the results, 
as variation of € may arise from a combination of two 
effects (1) out-of-focus effect and (2) angular spherical 


are 
heading AR, 


of best 
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aberration or parallax resulting from longitudinal 
spherical aberration inherent in the lens. These two 
effects are easily separable, as out-of-focus effect 
produces a variation of € proportional to h which 
expressed graphically plots in a straight line of 
constant slope passing through the zero point. In 
terms of AR;, it simply means the addition of a 
constant to all terms or displacing the entire longi- 
tudinal spherical aberration curve by a constant 
amount when A/?; is plotted as a function of h. 
Examination of the values of AR; for any one of 
the three sets of data shown in table 2 reveals an 
asymmetry in the manner in which AR; varies with 
h on opposite sides of the zero point of A. Thus in 
the column headed 73, AR, 2.25 mm at h=+9 
mm andAR, 2.46 mm at h 9mm. Differences 
of this nature may be ascribed to anyone of, or 
combination of, three causes which are (1) random 
error, (2) error in location of the center point, h=0: 
and (3) asymmetric aberrations in the lens. The 
effects of all three sources of error may be minimized 
by averaging the values of AR, for paired values of 
+hand —h The results of such averaging of the 
values of AR, given in table 2 are shown in table 3. 
These values of AR, shown in table 3 are therefore 
the accepted values of the longitudinal spherical 
aberration plus a constant which measures the de- 
parture of the position of best focus for rays in the 
tangential fan from the plane of best axial focus for 
a chief ray inclined at angle 8B=20° to the axis. As 
a check upon the accuracy of measurements, it is 
customary to repeat the entire series of measure- 
ments for the chief ray inclined at angle 8 20° 
to the axis. Since the lens is svmmetric about the 
optical axis, the values found for 6 20° are usually 
sufficiently nearly identical to the values found for 
6 20° that the results may be averaged to pro- 
duce the final accepted values of longitudinal spheri- 

















FIGURE 3. Variation of parallax angle, e, with zone height, h, 
(frame A) and derived longitudinal spherical aterration, 
ARr, versus zone height h ( frame B). 


Results are given for a chief ray inclined at B=20 
of the frames, the dotted-line curves 
mitted by filter No. 58; the solid-line 
by filter No. 73; and the dashed-line 
by filter No. 25 


to the optical axis. In each 
show results obtained with light trans- 
curves show results for light transmitted 
curves show results for light transmitted 
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TABLE 3. Values of ARr and A(ARr) as a funelion of 
zone height h for a chief ray inclined at 20° to the axis of the 
le nS ; 


These results are for lens No. 1 rhe values of Pr are derived from table 2 


averaging the values obtained at the same absolute value of zone height h. 
he values obtained with each of three filters 7 


Wratten Nos, 58, 73, and 25) are 
shown, Negative values of APr indicate apparent displacement of the target 
reticle along the chief ray and toward the lens with respect to the focal plane, 
Values of A(AR7 ire given for the three filter pairs All values are expressed 
in mm 


\(AFr) for filter pairs Nos, 


eal aberration for the chief ray inclined at 8=20° 
to the axis. <A graphical presentation showing both 
the averaged values of € versus A (frame A) and AR; 
versus h (frame B) for B=+20° and B 20° is 
given in figure 3. In this presentation, there was 
no averaging of values of «and Af, for paired values 
of +h and —hA, consequently the effect of small 
asymmetric aberrations are still present. In frame 
B of figure 3, the effect of this asymmetric aberration 
is to tilt the whole array of AR, curves slightly in a 
clockwise manner. In the final determination, aver- 
age values of AR, are obtained from paired values 
of +8 and —8, and for paired values of +A and —h. 


3.2. In the Sagittal Fan 


To make measurements of longitudinal spherical 
aberration for the sagittal fan of a chief ray inclined 
at angle 8 to the axis, it is necessary to rotate the 
lens about a horizontal axis normal to the optical 
axis and passing through the rear nodal point of the 
lens and to move the target away from the lens by 
an amount f(sec B—1). This places the target 
at distance / sec 8 from the rear nodal point of the 
lens as measured along the chief ray inclined at angle 
8 to the axis and at distance / tan 8 from the axial 
focal point as measured in the focal plane. The 
arrangement of apparatus is shown in figure 4. 
Measurements of ¢ versus / are then made in the 
same manner as for the axial region. In order that 
the measurements are made for the same region of 
the picture area as those made in the tangential fan, 
the lens is also rotated 90° about its own optical 
axis from the position occupied during measure- 
ments in the tangential fan. Except for the fore- 
going differences, the process of measurement. is 
essentially the same as that employed for the tan- 
gential fan. Values of the displacement ARs of the 
target from the focal point of the lens for the given 
chief ray are obtained with the aid of eq (4). The 
final accepted values of AR, are obtained from the 





FiGure 4 t equipment arranged for 


sagittal fan. 


measuremeiu in the 


The same equipment appearing in figure 2 is shown with the lens rotated through 


ingle B about the horizontal axis 


average of paired values for 
paired values of +A and —h. 


8 and 8 and for 


4. Results of Measurement 
The results of measurement on three wide-angle 
lenses having focal lengths of approximately 150 
nm are presented in this study. Two of the lenses, 
designated Nos and 2, are essentially distortion- 
free while the third lens, designated No. 
moderate amount of distortion. 


wd . 
3, has a 


4.1. Lorgitudinal Spherical Aberration 


The values of the longitudinal spherical aberration 


for both the tangential and sagittal fans are shown 
graphically in figures 5,6, and 7. In the upper series 
of frames of each figure, average values of the dis- 
placement AR, for the tangential fan are given as a 
function of zone height A at angular inclinations of 
the chief ray from the axis 0, 10, 20, 30, and 40 
degrees. Results for the same series filters are 
presented for each lens for each angular inclination. 
In each of the figures, the dotted-line curves show the 
results obtained with light transmitted by filter No. 
58, the solid line curves show the results obtained for 
light transmitted by filter No. 73; and the dashed 
line curves show the results obtained for light trans- 
mitted by filter No. 25. The optical characteristics 
of these filters are given in table In the lower 
series of frames in figures 5, 6, and 7 values of the 
displacement AP, for the sagittal fan as a function of 
zone height h, are given for the same angular in- 
clinations of the chief ray to the optical axis and for 
light transmitted by the same three filters. In the 
graphs, values of AR, and AR, are plotted for both 
positive and negative values of h. This was done to 
increase clarity for, although the lower portion of : 

given curve is a mirror image of the upper eastian. 


the inclusion of both upper and lower portion permits 
a better visualization of the phenomenon, In con- 
templating these curves, it is interesting to note the 

variation in shape with increasing 8. In all cases 
bsg the curves of Aly versus h becoine increasingly 
concave toward the axis and the curves of AR, versus 
h become increasingly convex with respect to the 
axis with increasing values of 8. 

Too, it is evident that the zero points of A; and 
AR, do not always maintain the same relative position 
with respect to the curves of AR; and AR, for various 
values of This shift results from curvature of 
field and the magnitude of the shift is a measure of 
tangential field curvature in the case of the AR, 
values of the sagittal field curvature in the case of 
AR, values. It may also be noted that the range of 
values of h decreases with 6 in the tangential fan but 
remains constant for the sagittal fan. This reduction 
in range is caused by vignetting which has a more 
pronounced effect in the tangential fan. 


4.2. Longitudinal Chromatic Aberration 


In figures 5, 6, and 7, it is clear that the longitudi- 
nal spherical aberration curves obtained with the 
various filters for a given value of 8 are very similar 
in appearance but are displaced along the chief ray 
with respect to one another. This displacement of 
the curves with respect to one another may be 
ascribed to longitudinal chromatic aberration as the 
effective wavelength of the light illuminating the 
target reticle varies from one filter to another as 
may be inferred from the information contained 1 
table 1 Hence it is reasonable to suppose that the 
eon nolP of the displacement of one curve with 
respect to another may be taken as a measure of 
the change in focal position along the chief ray 
produced by the change in character of the light 
transmitted by one filter as compared to another. 
While strictly speaking the term “longitudinal 
chromatic aberration” applies only to differences in 
focal position induced by change in the nature of 
the image forming light from one monochromatic 
illuminant having a sharply defined wavelength to 
another monochromatic illuminant having a different 
sharply defined wavelength, it is nonetheless at 
times expedient to use the term when dealing with 
image forming light whose nature is determined by 
a filter. Hence in this study the term “longitudinal 
chromatic aberration” will be used as a convenient 
mnemonic to designate the change in focal position 
produced by a change in the filter controlling the 
natures of the illuminant. With this as a basis, 
the longitudinal chromatic aberration in the tan- 
gential fan for a given filter pair may be determined 
zone-by-zone from the relation 

A(AR yr) AR + AR? (5) 
where A, is the longitudinal spherical aberration 
in the tangential fan determined for a specified 
value of h when using a given light filter and AR’, 
is that determined for the same value of A when using 
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Variation of longitudinal spherical aberration, AR-r, in the tangential fan and, ARg, in the sagittal fan with zone height, 


FIGURE 5 
h, for five values of 8 

ire for lens No. 1 wide-angle distortion-free lens having a focal length of 152.4 mm in the upper frames show the variation of ARr 

ies of B: the series of curves in the lower frames show the variation of AR, with zone height for five values of 8. In each of the frames 

esults obtained with light transmitted by filter No. 58; the solid-line curves show results obtained with light transmitted by filter 
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Ficure 6. Variation of longitudinal spherical aberration, AR, in the tangential fan and, AR, in the sagittal fan with zone height 
é M I I j g d : 5] 
h, for five values of 8. 
The results are for lens No, 2, a wide-angle distortion-free lens having a focal length of 153.3 mm. The series of curves in the upper frames show the variation of ARr 
with zone height for five values of 8; the series of curves in the lower frames show the variation of AR, with zone height for five values of 8. In each of the frames, 
the dotted-line curves show results obtained with light transmitted by filter No. 58; the solid-line curves show results obtained with light transmitted by filter 
No. 73; and the dashed-line curves show results obtained with filter No. 25. 








| | | 
LENS NO3. B= 40° 


—ad 








im pe, 
—_ Mm aye 





























=o 











E 
E 
o£ 
- 
= 
= 
uJ 
. 
WwW 
= 
° 
N 


@ 














‘\ 
+ » 
Ee ‘aa a: | 


x 
. tt & oe 
































ARs, mm 


FIGURE 7. ( of longitudinal spherical aberration, AR r, in the tangential fan and, AR. int wittal fan with zone height, 
h. for five values of 8 


series of esin the yper frarne ow the variation of ARr with zone height 
with zone height ive values o In each of the frames, the dotted-line 
No. 73; and the 


ength of 153.3 mn rhe se 
variation of AR 
th 


ilter No. 58; the solid-line curves show resu »btained wit ight transmitted by filter 





a different light filter. In a similar manner, the | Further consideration of the curves in figures 5, 6, 

relation and 7 indicates that both A(AR;) and A(AR,) 
> , . ; - ‘ . 

A(AR,)=AR,—AR, (6) | inerease with increasing 8 and that for a given 


P ; p , r§ » of / » Vi » of A(AR,) is greater than th: 
may be used to determine the longitudinal chromatic | ‘ lue of 8 the value of A(AA7) is great ~~ 


aberration in the sagittal fan. It is clear from figures | of A(AR,). The variation ol A(AR7) and A(AR,) 
5, 6, and 7 that for a given value of 8, the quantities | with 8 is shown in tables 4, 5, and 6 for three filter 
A(AR,) and A(AR,) do not vary appreciably with | Pairs for lenses Nos. 1, 2, and 3. In each table, the 
zone height for these three lenses. values of AR; and AR, obtained for light trans- 

The invariance of A(AR;) with zone height is eee 
also indicated in table 3 where values of A(AR;) | Tasve 5. Values of ARr, AR,, A(ARr), and A(AR,) for the 
are given for three filter pairs. The average values | tangential and sagittal fans as a function of 8. 





ware a" . ‘ These values are for lens No, 2, a wide-angle distortion-free lens having a focal 
of A(Ah r) are also given together with the probable length of 153.3 mm, Part (a) shows the values of ARr and A(AFr) for the tan- 
‘rror ze inole caryvaty Fe new 7 , | gential fan and part (b) shows the corresponding values for the sagittal fan 
Crrol of a singh obs« rv at on / ki ). In vEOw ol the | Values are given for three conditions of target illumination determined by the 
various errors inherent in the measurement of AP,, | indicated filter Nos. All values are expressed in mm 

it is reasonable to conclude from the low values of 

PE, that the quantity A(AR;) may be regarded as 

invariant for these lenses. This leads to a simpli- ne Bakr 

for filter No, for filter pairs Nos 


1) Tangential fan 


fication in the determination of A(AR,;) as one may 
determine the average value of AR, for each filter 
used and evaluate A(AP,) for any pair of filters from 
the relation 
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A(AR AR AR. (7) 


In a similar manner, the average value of A(AR,) 

for the sagittal fan for a given value of 8 may be 

determined from the relation Fam maa 
SR, A(AR,) 

for filter No for filter pairs Nos 


A(AR,) AR, AR’. (S) 


TABLE 4. Values of ARy, AR,, A(ARr), and A(AR,) for the 
tangential and sagittal fans as a function of B 


These values are for lens No. 1 a wide-angle distortion-free lens having a focal 
length of 152.4mm, Part (a) shows the values of A(/?r) and A(AFr) for the tan 
gential fan and part (b) shows the corresponding values for the sagittal fan. Values 
are given for three conditions of target illumination determined by the indicated 
filter numbers All values are expressed in mm 


fan TABLE 6. Values of ARv, AR,, A(ARr), and A(AR,) for the 
tangential and sagittal fans as a function of 8. 


i) Tangentia 


\Rr A(AR?r The values are for lens No, 3, a wide-angle lens having a focal length of 153.3 
for filter No, for filter pairs Nos mm, Part (a) shows the values of Afr and A(AF7r) for the tangential fan and 
part (b) shows the corresponding values for the sagittal fan. Values are given 
for three conditions of target illumination determined by the indicated filter 
3-73 5-H Nos, All values are expressed in mm 


1) Tangential fan 


AR? A(AR? 
for filter No. for filter pairs Nos 


AR, A(AR, 
for filter No, for filter pairs Nos 


AR A(AR 
for filter No for filter pairs Nos 
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sec B-| 


FicureE 8. A(AR) 
s of A(ARr) are plotted as 
ilues of A(AP,) are shown as 


Observed value X’s in each frame; 


ircles; the straight line, marked S, is the 


Served Vv 


values are taken from ta 


mitted by each filter for each value of 8 are also 
The values of A(AR;) and A(AR,) for each 
filter pair are derived from these values of AR> and 
AR, with the aid of eqs (7) and (8). 

When the values of A(AR,) and A(AR,) are plotted 
as a function of (sec 8—1) as shown in figure 8, it 
found that the variation of these quantities with 
(sec B—1) is close to linear. Accordingly one may 





given. 


write an empirical formula connecting A(AR,) with 


versus (sec 8-1) curves for three lenses for 


the straight line, marked T’, is the re 


regression 


three filter pairs 
gression line of A(AFr) on 
B-1 


sec B-1 
computed by least squares, 


computed by least-squares. Ob- 


line of A(AR,) on (se The plotted 


(sec B—1) as follows: 


A(AR,)=a+b(sec B 1) (9) 
which is the equation of a straight line with @ as the 
y-intercept and 6 as the slope of the line. A similar 
empirical formula of the same nature may be written 
connecting A(AR,) and (sec B—1). The constants 
a and 6 may be determined graphically by drawing 
the best fitting straight line or analytically by 
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TABLE 7. Values of the constants a and b for fitting an equation 
of the form A(AR)=a+b (see B—1) to the observed values of 
A(Ry) and A(AR,) as a function of (see B—1). 





Values of a and 6 are given for three filter pairs for both A(ARr) and A(AR,) 
for each of three lenses, All values are expressed in mm, 


Values of a and + for use in equation of form 

A(ARr) =a+b (see B—1) for 
Filter 
pairs 


Nos A(AR?r A(AR,) 


applying the method of least squares. It is evident 
from the curves shown in figure 8 that the constant 
a is approximately equal to the value of A(AR;) or 
A(AR,) at B=0 It is also evident that the increase 
in A(AR,) with (see B—1) is substantially greater 
than that of A(AP,); accordingly the slope 6 is greater | 
for the tangential fan than for the sagittal fan. 
Determinations of the constants a and 6 that are | 
usable in equations of the form given in eq (9) for 
showing the relation of values of A(AR,) or A(AR,) 
to (sec 8—1) were made for each of the filter pairs 
for each of the three lenses using the values given 
in tables 4, 5, and 6. The values of a and 6 for 
each combination are given in table 7. The straight 
line shown in each of the frames in figure 8 is drawn 
to satisfy the equation of the line fixed by the least 
squares determination of values of @ and 6 for the 
particular filter pair. It is clear from the manner | 
in which the points in any one of the graphs are 





distributed with respect to the straight line in that 
graph that the assumption of a linear relationship 
between values of A(AR;,) and (sec 8—1) and between 
values of A(AR,) and (see B—1) is a valid one. 

For a given filter pair, it is clear that the value of 
the slope 6 found for the A(AP,) data is not the same 
as that for the A(AR,) data. The value of the slope 
b for the A(AR,) data is in all instances greater by a 
ratio ranging from 3.2 to 7.9 times greater than that 
for the A(AR,) data. 
tude of this ratio, it 


In view of the relative magni- 
is believed that it may be 
regarded as established that the variation of A(AR7,) 
with (sec B—1) is significantly greater than that of 


A(AR,) for the three lenses. 
5. Discussion 


In this study, a visual method of determining 
longitudinal spherical and chromatic aberration from 
measurements of angular deviation in the collimated 
beam emergent from a lens has been extended to the 
extra-axial region. Results are reported for measure- 
ments made on three lenses at five angular inclina- 
tions to the optical axis. It is of especial interest 
to note the increase in the values of longitudinal 
spherical aberration with increasing 8 and to note 
the large magnitudes attained. At 8=40°, a range 
of 3 mm in the measured values of the longitudinal 
spherical aberration is not unusual; of course if these 
values were referred to the normal to the focal plane 
they would be reduced by a cosine factor but would 
still remain quite large. 


The authors express their appreciation to other 


members of the staff of the National Bureau of 
Standards for assistance during this work and in 
particular to Edgar C. Watts who prepared the 
illustrations. 
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Spark-Gap Flashover Measurements for Steeply 
Rising Voltage Impulses 


J. H. Park and H. N. Cones 
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Two designs of thin ribbon resistors have been devised which are suitable for high-volt- 
age surges and have very low time constants (2X 10-® sec). They were used in making up 
dividers for measuring linearly rising chopped impulses with peak voltages up to 300 kilovolts 
and times to sparkover from 0.03 to 50 microseconds. Errors in divider ratio due to residual 
inductance were found by computation to be less than 1 percent. Stray capacitance errors 
were kept low by making total divider resistance 1,000 ohms or less. By a combination of 
computation and experimentation, capacitance errors were deduced to be not greater than 1 
percent for times to sparkover 0.1 microsecond or greater. 

A large number of oscillograph records were obtained of spark-gap flashover voltage 
with linearly rising voltage impulses at rates of rise up to 10,000 kilovolts per microsecond. 
From these oscillograms data were derived giving a relation between rate of rise (or rise time) 
and flashover voltage for (1) 12.5-em-diameter spheres spaced 6 cm apart, (2) 25-em-diameter 
spheres spaced 6 em, and (3) 6.5-inch-diameter uniform field electrodes spaced 5 em. Volt- 
time curves showing these relations were plotted. It is recommended that the curve for 
25-cm-diameter spheres be used as a reference standard for interlaboratory comparison of 


measurement methods. 
1. Introduction 


The measurement of wave form and peak value of 
a steeply rising voltage impulse is of considerable 
importance in the testing of high-voltage equipment 
such as insulators, transformers, and lightning 
arresters. Such measurements are usually made by 


impressing the voltage impulse on the high-voltage 
terminal of a divider consisting of resistors, capaci- 
tors, or a combination of both, and connecting the 
low side of the divider through a coaxial cable to the 
deflecting system of a cathode ray oscillograph 


(CRO). For measuring the peak value of full-wave 
impulses or waves chopped on the tail, the accuracy 
of dividers is well established, and measurement 
methods can readily be checked using standardized 
sphere-gap breakdown tables [1, 2, 3] .'. However, 
the sphere-gap tables cannot be used for times to 
sparkover less than 2 usec, because for such short 
times, the sparkover’ voltage of sphere gaps in- 
creases as time to sparkover decreases giving a volt- 
time curve. This was noted in 1935 by Bellaschi 
and Teague [4]. Hagenguth [5] has shown that rod 
gaps and insulator strings also exhibit a volt-time 
effect. 

Several years ago, in ALEE Conference Paper No. 
57-215, the present authors suggested the use of 
sphere-gap volt-time curves as reference standards 
for checking measurement methods at times to 
sparkover less than 2 usec. Since that time work 
reported from other laboratories [6, 7, 8, 9, 10] has 
indicated that such a standard could be useful. The 
purpose of the present paper is to serve as a per- 
manent published record of the work done several 
years ago and to present results of later work in 
this field at the National Bureau of Standards. 


! Figures in brackets indicate the literature references at the end of this paper. 
2 The terms sparkover and flashover are assumed to have the same meaning. 


2. Requirements for Setting Up Volt-Time 
Standards 


Before volt-time curves can be considered for 
adoption as part of a standard, experimental data 
must be obtained and published by various labora- 
tories working in the high-voltage field. Conditions 
under which the data for such curves are obtained 
must be decided upon, and they should be such 
that they can be readily duplicated in all labora- 
tories. Ordinary laboratory conditions of tempera- 
ture, pressure, and humidity should be satisfactory, 
provided corrections for relative air density are 
applied. All comparisons can then be made at 
760 mm of Hg pressure and either 20 or 25 °C 
temperature. No applicable corrections for humid- 
ity are available, but records should be kept to see 
if any correlation between humidity and flashover 
voltage can be detected. 

Another condition which must be controlled is 
the location of the spheres with respect to floor, 
leads, divider, surge generator, and any other nearby 
objects. International Electrotechnical Commis- 
sion Publication 52 entitled “Recommendations for 
Voltage Measurements by Means of Sphere-Caps 
(One Sphere Earthed)” contains very deiinite speci- 
fications for clearance distances when spheres are 
used for 60-cycle or full-wave voltages. It would 
seem logical, at first, to adopt these same speci- 
fications for front-chopped wave measurements. 
Also, the effect. of changes in such distances should 
be determined. 

In addition to the above, it is necessary to specify 
wave shape of the applied voltage before chopping. 
In fact, in all steep-front testing it is extremely 
important to be able to define waveform exactly 
and in detail so that results obtained in different 
laboratories can be accurately compared. This is 
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true not only for checking measurement methods, 
but also for comparing test data on high-voltage 
equipment. Thus, even though other means are 
found for checking measurement methods in various 
laboratories, the task of obtaining an accurately 
definable wave front must be completed before any 
steep-front chopped-wave tests will give 
which can be repeated in other laboratories. 

The presently accepted methods of defining wave 
front and rate of rise use either the 10 and 90 or 
30 and 90 percent voltage points together with some 
restriction on superposed oscillations. Such defi- 
nitions pin down only two points on the wave front 
and give no possibility of fixing tolerances. How- 
ever, if a linearly rising wave front is defined as one 
which rises at a constant rate from 30 to 100 percent® 
of flashover (or breakdown) voltage, any departure 
from the defined waveform can be determined. Al- 
though linearly rising waves, free from oscillations 
and curvature, are not always readily obtained in 
practice, they can in all cases be attained to within 
the required tolerance with a little patience in 
choosing and adjusting circuit parameters. Since 
they offer the only possibility of setting up a standard 
steep-front wave shape which can be accurately 
duplicated in various laboratories, it is suggested 
that linearly rising waves be adopted as the standard. 
This does require setting up an allowable tolerance 
from an exactly constant rate of rise and devising 
a practical method for measuring rate of rise at 
all points from 30 to 100 percent of flashover voltage. 
Both of these problems are discussed and a solution 
suggested in appendix I. 

The remainder of this paper is devoted to (1) a 
description of the methods used at the NBS to 
obtain points on the volt-time curves, (2) an analysis 
of the accuracy obtained, and (3) a presentation of 
the results. 


results 


3. Impulse Generator Circuit Arrangements 
for Obtaining a Linearly Rising Voltage 


The circuit arrangement and general precautions 
needed to obtain a linearly rising voltage will prob- 
ably vary considerably for different laboratories. 
The impulse generator used in the present work 
has a nominal rating of 2,000 kv when its twenty 
¥-uf capacitor units are connected in series. A 
modified connection of the 20 units, putting two sec- 
tions (10 units in series for each) in parallel on dis- 
charge, was used in the present work, giving a rated 
discharge voltage of 1,000 kv. The breakdown volt- 
ages of the gaps used varied approximately from 
140 to 300 kv depending on the rate of voltage 
rise. Thus, breakdown could always be made to 
take place on the linearly rising portion of the 
applied voltage, i.e., much before the knee of the 
exponential curve. 


Waveform below the 30 ] el 
importance in front-chopped testing bec 
is dielectric failure for an applis 
nism probably is not initiated unti 
wave breakdown valiuc 


voltage point is not considered to be of 
wuse here the phenomenon being studied 
e surge of short duration, and the mecha- 
the voltage magnitude approaches the full- 
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Figure 1. Schematic diagram of impulse generator and 
discharge circuit used to obtain linearly rising voltages. 

A schematic diagram of the impulse generator and 
discharge circuit arrangement for obtaining various 
rates of voltage rise is shown in figure 1. Rate of 
voltage rise was controlled by (1) adjusting the 
generator charging voltage and/or (2) changing the 
time constant of the R-C circuit made up of “RP,” 
and “CC.” To keep rate of voltage rise linear up to 
breakdown, it was found that the charging voltage 
had to be maintained above about 50 percent of 
rated value. Thus large changes in rate of rise were 
made by using wide variation in R, and C. Com- 
binations of paper-oil capacitors connected in series 
were used to give fixed values of C as follows: 0.06, 
0.006, 0.003, 0.002 yf (for steepest rates of rise 
C=0). FR, was made up of double wire-wound card 
resistors 2 in. wide and 12 in. long having values of 5, 
15, 35, or 125 ohms each. They were used in series 
combinations giving values from 35 to 875 ohms. 
Because of residual inductance in the paper-oil 
capacitors, ( resonates at about 1.3 Me/s and 
produces oscillations on the rising front of the 
voltage across (’. The lumped inductance “L’’ 
and capacitance “C’,”’ together with “2,” act as a 
filter to give a smoothly rising voltage at the sphere 
gap. The inductor L consisted of 100 turns of 
polyethylene-insulated wire on a 2-in. diam bakelite 
tube, giving an inductance of 50 wh. The capacitor 
(, consisted of 3 aluminum hemispheres 1 m in diam, 
placed with their curved surfaces down and sup- 
ported by porcelain-pedestal insulators so that the 
curved surfaces were kept about 8 in. above the 
conducting floor. The resistor Ry consisted of the 
same type of cards as used for P,, its value being 
held constant at 105 ohms (seven 15-ohm cards in 
series). Results were obtained with the test gaps 
at various distances from the aluminum hemispheres 
in order to study proximity effects. 


4. Measurement-Methods and Dividers 


Resistance dividers in conjunction with a cold- 
cathode CRO [11] were used for all measurements. 
Several different divider and gap arrangements (as 
indicated in figs. 2, 3, 4, 5, and 6) were tried to 
determine possible effects that the location of nearby 
conductors might have on either gap flashover or 




















Figure 2. Volt-time curve for 12.5-cm spheres spaced 6 cm, 
upper sphere negative. 

All voltages corre 
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Ficure 3. Volt-time curve for 25-cm spheres spaced 6 cm, 
upper sphere negative. 

All voltages corrected to 760 mm of Hg and 25 °C, Insert shows sphere gap 


and divider arrangement. Rys=1,000 ohms. Other sphere gap and divider 
arrangements also gave points falling on this curve, 


divider response. 


A 60-ft length of polyethylene 
coaxial cable (RG 8/U) was used for the connection 


from divider low side to the CRO. 
terminating this cable at the oscillograph and 
determining its attenuation correction have been 
described in a previous publication [12]. A check 
for possible stray pickup voltage in the measuring 
circuit was made by using a special cable fitting 


The method of 
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Ficure 4. Volt-time curve for uniform field gap, spacing 5 cm, 
upper electrode negative. 
All voltages corrected to 760 mm of Hg and 25 °C. 
arrangement, Fxs=1,000 ohms. 
in. all fall on same curve. 
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Fiaure 5. Sphere gap and divider arrangements using Rus 

500 ohms (5-100 ohm ribbon-wound cards) with 12.5-cm 
spheres spaced 6 cm. 

(Upper) A. Similar to figure 2 except Ras=500. 


(Lower) B. With divider very close to spheres. 


between the divider low side and the cable to the 
oscillograph. This fitting offers no discontinuity or 
asymmetry in the cable sheath, but it disconnects the 
center conductor of the oscillograph cable from the 
divider low side and connects it to the cable sheath. 
With this fitting in place there should be no signal 
deflection recorded on the oscillograph when the 
generator is discharged and a voltage applied to the 
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Figure 6. Sphere gap and divider arrangement with 25-cm 


sphe res space dé cm. 
to floor R 


1,000 ohms 


FIGURE 7. 


esistor cast in epory. 


Douhle-wound card 


¥ Karmar n 1/16 inch wice 1 inch thick with 0.001 inch Teflon between 


layers. lime constant, L/R 


divider. Any departures from a straight zero line 
would indicate pickup in the measuring circuits, 
probably due to ground currents in the cable sheath, 
CRO ease, etc. Methods of connecting the cable 
to the oscillograph and arranging ground connections 
were devised and necessary changes made until this 
test indicated negligible pickup. 

The divider high side (Ry, of figs. 1 to 6) consisted 
of five or ten 100-ohm special Karma? ribbon 
resistor units. Each unit (see fig. 7) has an overall 
length of 6% in. and consists of two oppositely 
wound layers of ribbon (%> in. wide and 0.001 in. 
thick) on a lucite card (114 in. wide and }¢ in. thick). 
Slots were milled in the edges of the lucite cards to 
keep the turns of ribbon uniformly spaced. Thi 
first layer of ribbon was enameled; but since the 
enamel did not completely cover the edges, a sheet 
of teflon (0.001 in. thick and 1% in. wide) was laid 
over each side of the lucite card before starting to 
wind the second layer. A brass mold was specially 
constructed in which the double wound lucite cards 
were cast in epoxy resin (epon 815). All air bubbles 
were removed by placing the mold in a bell jar while 
the epoxy was still liquid and subjecting it alternately 
to low pressure (about 1 em of Hg) and then room 
pressure (for at least three cycles). The resin was 
cured by baking overnight at about 55 °C 


——————__—_—— 


Karma is the trade name 
having a high resistivity ar 


Ni 73 percent, Cr 20 percent+Al-+ Fe) 


i iv 
ow temperature coefficient. 


The purpose of using this special construction 
was to get a resistor of minimum inductance which 
would withstand a high momentary voltage. Min- 
imum inductance was obtained by using two oppo- 
sitely wound layers connected in parallel and occupy- 
ing as nearly as possible the same physical space. 
Sparking between turns and layers was prevented 
by (1) very uniform spacing and (2) casting in a 
high dielectric strength resin. The actual resistance 
and reactance of these units were measured at 0.5, 
2.5, 10, and 30 Me/s using a high-frequency bridge 
(at low voltage). Resistance did not change appreci- 
ably over this frequency range, and values of re- 
actance were such that they could be represented 
by an inductance of 0.2 wh per unit. Thus, these 
ribbon-wound cards for the divider high side have 
a time constant (L/P?) of 2*10-° sec, which is 
much less than the minimum figure (10 107° see) 
usually given for noninductive high-voltage wire- 
wound resistors. 

In order to determine how much voltage could be 
applied momentarily to these resistors, linearly 
rising chopped waves of increasing peak value were 
applied. For chopping times of about 0.7 usee each 
resistor withstood a peak voltage of 60 kv, repeated 
at least 80 times with no apparent damage or change 
in resistance. For full waves or waves chopped on 
their tail such high values of peak voltage could not 
be applied because of the heating effects they might 
produce in the ribbon material. The instantaneous 
temperature of the ribbon is determined mainly 
by the energy | /7*rdt| dissipated in the ribbon per 
shot. Full wave tests on the ribbon resistors in- 
dicated that each unit can withstand up to 300 
joules on a single shot without damage provided 
sufficient cooling time is allowed between shots. 
The momentary resistance change due to this heat- 
ing was estimated to be less than 0.5 percent because 
of the low temperature coefficient of Karma. If 
shots are repeated at 1l-min intervals or less, the 
temperature buildup might cause failure. When- 
ever a series of shots is to be made, it is advisable 
to check resisior temperature occasionally between 
shots. 

A set of seven resistors for use as the divider 
low side (R,, in figs. 1 to 6) was made with values 
from 2.60 to 15.8 ohms. This was done so that the 
CRO peak deflection could always be set, by choosing 
the proper /?;,, at some value between 65 and 100 
percent of full scale. A cable terminating resistor 
with taps could not be used at the CRO because 
of the special method used for cable termination [12]. 

Each low-side resistor consisted of elements made 
up of Karma ribbon (‘4 in. wide and 0.001 in. 
thick) bent back and forth on itself every 2 in. of 
its length. All bends were pressed flat in a vise. 
Small strips of mylar insulation (0.001 in. thick) 
were placed between adjacent 2-in. lengths of ribbon. 
All folds were then held tightly together between 
bakelite blocks and cast in epoxy for permanence. 
Each complete low-side resistor consisted of one, 
two, or three of these elements symmetrically placed 
as closely as possible around a coaxial chassis con- 
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nector mounted on a 3-in. wide copper busbar. 
All elements were connected in parallel and to the 
central coaxial terminal. The coaxial terminal 
provided the connection from the divider low side 
to the CRO eable. Measurements on these flat 
ribbon resistors, using a high frequency bridge and 
frequencies up to 30 Me/s, indicated that their 
resistance remains essentially constant up to that 
frequency. Also their reactance can be represented 
by a fixed inductance. The time constant of 
low-side resistor was measured and 
about 2.5 107° see. 


rach 
found to be 


5. Measurement Accuracy 


The main sources of error after eliminating stray 
pickup, insuring proper cable termination, and cor- 
recting for cable attenuation are: (1) the oscillo- 
graph and (2) the divider. Repeated checks on the 
deflection sensitivity of the cold-cathode CRO used 
in the experimental work indicated that for deflec- 
tions greater than 65 percent of full scale the accu- 
racy of CRO voltage measurements was within 

1 percent. Sweep calibrations obtained by con- 
necting the output of a signal generator (1.5 to 18 
Me/s) to the deflecting plates, indicated that time 
measurements could be made to within +2 percent 
of total sweep time. Sweeps with total duration 
from 0.3 to 40 wsec were used. Their linearity was 
determined using the method described in appendix 
8.1, and in measuring linearity of voltage rise only 
those sweep sections found to be linear to within 10 
percent were used. 

Divider errors, which ordinarily introduce the 
main source of uncertainty in steep-front measure- 
ments, depend mostly upon a combination of two 
effects: (1) stray capacitance from parts of the di- 
vider to nearby conducting surfaces and (2) residual 
inductance in the divider elements. If these two 
effects are considered separately, a computation can 
be made of the error introduced by each, based on 
measured or estimated values. Inductance errors 
were kept low in the present work by using special 
ribbon wound resistors as described in the preceding 
section. Actual values of time constant, as measured 
for these resistors, were inserted in the formula 
derived in appendix 8.2 to obtain computed values 
of error due to stray inductance. This gave an 
error of 0.5 percent for a rise time of 0.1 ysee and less 
error for longer rise times. 

An exact computation of stray capacitance errors 
cannot be so easily deduced because stray capacitance 
depends on the location of the divider with respect 
to all nearby conductors. For the divider arrange- 
ments used (see figs. 2 to 6), all conductors except 
the laboratory floor and the high voltage lead to the 
divider were kept at sufficient distance to not affect 
divider capacitance. The error due to stray capaci- 
tance from a vertical divider to the grounded floor 
plane may be expressed as a time lag t/=RC/6, for a 
linearly rising voltage, as shown by Béckman and 
Hylten-Cavallius [13]. In this formula R is the 
total divider resistance and C is the total measured 
or estimated capacitance to ground. The percent 


error decréases as the time to measured 
creases. 


value in- 
Computed values are given in the following 
table for both the 1,000-ohm (see figs. 2, 3, 4, and 6) 
and 500-ohm (see fig. 5) divider used in the present 
work: 


Total 
divider 
resistance 


Estimated 
divider capaci- 
tance to 
ground 


Percent error for rise times 


0.05 psec 0.1 psec 0.5 usec 


Ohms Picofarads psec 
1, 000 22 0. 00367 , —3.7 —0,.7 
500 ll 000917 —0.9 


—0,2 


The total stray capacitance error would include not 
only the component due to capacitance from divider 
to floor, as listed in the above table, but also a com- 
ponent of opposite sign due to capacitance from 
divider to its high voltage lead. Thus the total 
stray capacitance errors would be somewhat lower 
than those given in the above table. 

A comparison of experimental results obtained 
with the 1,000 and 500-ohm dividers affords a basis 
for estimating the cancellation effect of the two 
stray capacitance components. As seen in the 
above table, flashover voltage measurements ob- 
tained with the 1,000-ohm divider would be ex- 
pected to be several percent lower than those ob- 
tained with the 500-ohm divider unless’ the 
capacitance from the divider to its high voltage lead 
compensated for part of the capacitance from divider 
to ground. Measurements indicated that both 
dividers gave the same results for all rise times down 
to about 0.05 usec. This indicated that, in the 
present work, errors due to stray capacitance for 
rise times greater than 0.1 ysec were probably not 
greater than 1 percent. 

The above consideration of various possible 
errors indicates that the values of voltage here re- 
ported are accurate to within 1.5 percent for rise 
times greater than 0.1 psec. 


6. Experimental Results 


Linearly rising voltages with various rates of rise 
obtained as explained in section 3 were used. Wave- 
forms were considered to be linearly rising if the 
“true variation in rate of voltage rise’ (6’p,) as 
defined and explained in appendix 8.1 was less than 
20 percent. ‘‘Rates of voltage rise’ were determined 
by the procedure described in appendix 8.1. Rise 
times or times to flashover were then obtained by 
dividing peak voltage at flashover by “rate of voltage 
rise.”’ Typical examples of the impluse waveforms 
used are shown in figure 8. In all cases a negative 
polarity impluse was applied to the high-voltage 
electrode. Peak voltages were taken as_ those 
measured at the first sudden break in the smoothly 
rising trace. Other peaks occurring later were 
assumed to be due to reflection between sphere gap 
and divider. This is most clearly indicated in figure 
SK for which the divider was very close to the spheres. 
Sufficient records, similar to those shown in figure 8, 
were taken so that complete volt-time curves could 


' be plotted for three different electrodes: (1) 12.5-em 
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FIGURE 8&8 Typical samples of oscillograms: linearly rising voltages 





diam spheres spaced 6 cm, (2) 25-cm diam spheres 
spaced 6 em, and (3) 6.5-in. (16.5 em) diam uniform 
field electrodes spaced 5 em. 

The solid line in figure 2 is the volt-time curve for 
12.5-em spheres spaced 6 cm apart obtained with the 
divider arrangement, also shown in figure 2, and A 

34 in. The proximity of high voltage conductors 
of fairly large surface areas, such as parts of the 
generator or the 1 m hemispheres used as ‘‘C,’’, were 
found to affect flashover voltage. To completely 
eliminate such effects, the gap was kept 20 ft from 
any generator or discharge circuit parts while ob- 
taining this curve. It is an average drawn through 
about 200 plotted points. Each plotted point was 
obtained from four CRO records repeated at 30-sec 
intervals. The rates of voltage rise were always 
nearly identical for each of the four traces in a set. 
The four values of peak voltage usually agreed to 
within 1 percent. Plotted points were obtained for 
various rates of voltage rise over a period of several 
months and under various laboratory conditions: 
(1) ambient temperature 22 to 26 °C, (2) atmospheric 
pressure 748 to 762 mm of Hg, and (3) relative hu- 
midity 42 to 68 percent. All voltages were corrected 
for relative air density to 760 mm of Hg pressure 
and 25 °C. [1,2]. No correlation between humidity 
and flashover voltage at various rates of rise could 
be deduced, possibly because the actual range in 
humidity was not very great. Over 98 percent of 
+2 percent of the 


the plotted points fell within 
solid curve in figure 2. 

Data were also obtained (1) with the horizontal 
distance between sphere gap and divider a 


from 55 in., as shown in figure 2, to 
using a 500-ohm divider arrangement as shown in 
figure 5A (A=34 in.). Points plotted from these 
data also fell along the solid curve. 

When the distance from the floor to the sphere gap 
was changed, points did not fall along the same 
curve. A complete set of data for various rates 
of voltage rise was obtained for A=16 in. (see figs. 2 
and 5). The dashed curve plotted using these data 
is 2 to 3 percent lower than the curve for A=34 in. as 
seen in figure 2. 

Some data were also taken using the 500-ohm 
divider high side and the gap-divider arrangement 
of figure 5B. Here the lead from sphere to divider 
was kept as short as possible which accounts for the 
sharp break in the CRO record at flashover with no 
immediate oscillations (see fig. SK). The oscillations 
occurring at flashover for some of the other divider 
arrangements (see figs. SG and 8H) are probably due 
to reflection in the lead from sphere to divider. 
Flashover voltage was always taken as the first 
break in the linearly rising trace. For the divider 
arrangement of figure 5B the spheres are close to the 
floor which tends to make flashover voltage low, but 
the divider and its lead are high voltage conductors 
fairly close to the sparking point which tend to in- 
crease flashover voltage. The observed points fell 
fairly close to the soild curve in figure 2 showing that 
these effects tended to cancel each other, 

For the purpose of finding a gap arrangement less 
dependent upon the location of the electrodes with 


20 in. and ( 





| spaced 6 cm. 


respect to the floor and other nearby conducting 
surfaces, it was decided to also try 25-cm spheres 
spaced 6 cm apart. Using the divider arrangement 
shown by the insert in figure 3, the volt-time curve 
plotted in figure 3 was obtained. Procedures used 
were the same as those already described for 12.5-cm 
spheres. Proximity effects were studied by (1) 
changing to the sphere gap and divider arrangement 
shown in figure 6 (spheres much closer to floor); (2) 
moving the sphere gap and divider setup closer to = 
surge generator : and the 1-m hemispheres used as Cy 
(fig. 1), i.e., with the spheres 13 ft from the ree 
and 3 ft from the nearest hemisphere; and (3) going 
back to the sphere gap and divider setup shown in 
figure 3 but with sphere gap close to generator and 
hemispheres. Data obtained at various rates of 
voltage rise under all of the above conditions gave 
points falling along the volt-time curve plotted in 
figure 3. Thus, as was expected, 25-cm spheres 
spaced 6 cm apart afford a more satisfactory volt- 
time curve for use as a reference standard than 12.5- 
cm spheres spaced 6 cm. 

For 60 c/s and full wave impulses, uniform-field 
gaps have been found to give more repeatable 
flashover voltages than sphere gaps [14,15]. It was, 
therefore, considered advisable to try such gaps on 
front of wave flashover using linearly rising surges 
in the same manner as already described for sphere 
gaps. One pair of 6.5-in diam uniform field elec- 
trodes, rated at 146 kv peak, was constructed from 
solid brass according to the specification given by 
Bruce [14]. Values of flashover voltage were 
obtained at an electrode spacing of 5 em with various 
rates of voltage rise. From plotte d points using this 
data the volt-time curve in figure 4 was drawn. 
Proximity effects were determined by getting data 
with sparking point both 20 and 40 in. above the 
floor and with the gap near the generator and 
hemispheres (3 ft from nearest hemisphere) and at a 
much greater distance (15 ft from nearest hemi- 
sphere). All of these data gave points falling along 
the curve in figure 4, which indicated that proximity 
effects were much less than for 12.5-cm spheres 
spaced 6 cm but about the same as for 25-cm spheres 
The scattering of the points about 
was very nearly the same for uniform- 
field gaps as for 25 or 12.5-cm diameter spheres. 
The main disadvantage of uniform field gaps was 
found to be the difficulty encountered in getting the 
electrode axes sufficiently well alined. 

All of the data used for plotting the curves in 
figures 2, 3, and 4 were obtained with a small needle 
of Co” (equivalent to 0.5 mr per hour at 1m) placed 
inside the upper electrode. This was done because 
Bruce [8] found that full-wave surge breakdown data 
on spheres had the least scatter when a small amount 


the curve 


| of radium salt was placed inside one of the spheres. 


In order to find out if Bruce’s conclusion held for 
breakdown on a linearly rising surge voltage, 
experimental data were obtained at several different 
rates of voltage rise with the Co® removed. The 
points plotted from these data also fell along the 
curves, and the repeats from shot to shot were the 
same as with the Co® inside the sphere except that 
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at slow rates of voltage rise (time to breakdown § 
to 10 wsec) repeats from shot to shot were not quite 
as good without the Co”. The good repeats obtained 
without Co® can be accounted for by radiation from 
other gaps in the surge generator circuit. When a 
12-in. diam cardboard tube was placed around the 
measuring sphere gap, cutting off this radiation, 
the plotted points all fell to the right and above the 
curves; also repeat shots for a fixed rate of voltage 
rise yielded breakdown voltages differing as much as 

10 percent from an average value. These results 
indicate that a certain minimum ion density between 
the spheres is needed to obtain repeatable data, but 
probably radiation from other gaps in the surge 
generator circuit is sufficient if the measuring gap is 
not shielded from them. For very low rates of 
voltage rise (times to breakdown, sav, greater than 
5 usec) the repeatability was definitely not as good 
as for the higher rates; and it was found advisable 
to use Co”. An open carbon are placed 3 ft from 
the sphere gap was also tried and found to give 
almost as good repeatability as the Co® for low rates 
of voltage rise. 


7. Conclusions 


Special ribbon resistors with low and _ nearly 
matched time constants were used to make up the 
divider high and low sides. From a combination of 
experimental results and computations based on these 
resistors, it has been estimated that the results re- 
ported are accurate within 1.5 percent. 

Data obtained using 12.5-cm spheres spaced 6 em 
indicated a decrease in flashover voltage of 2 to 3 
percent when the distance from laboratory floor to 
lowest point on upper sphere was decreased from 34 
to 16 in. Variations were also noted when high volt- 
age parts of the surge generator and discharge 
circuit, which have large surface areas, were pli iced 
within a radius of 20 ft from the sphere gap. There- 
when volt-time curves for 12.5-cm_ spheres 
spaced 6 em (from various laboratories) are being 
compared, the exact configuration of all conductors 
within a radius of 20 ft of the spheres should be 
conside red. 

For the uniform field g 


fore, 


rap, proximity effects were 
found to be negligible at t distances greater than 4 ft 
from the sparking point. Also variations in distance 
of sparking point above the floor had little or no effect. 
The repeatability of results from shot to shot and 
day to day were found to be about the same for the 
uniform field gap as for sphere gaps. 
justing the mounting of the 
so that the electrode 
was found 


However, ad- 
uniform field electrode 
axes were in accurate alinement 
be a fairly time-consuming operation. 
Also uniform field electrodes are not readily obtain- 
able but must be specially made. Because of these 
disadvantages and since uniform field gaps appar- 
ently give no marked decrease in scattering of flash- 
over voltage for a linearly rising impulse, it was 
concluded that they should not be recommended for 
setting up a standard volt-time curve. 


For 25-cm spheres spaced 6 cm, proximity effects 
were found to be negligible at distances greater than 
4 ft from the sparking point, and the variation in 
distance of sparking point above the floor made no 
noticeable change in flashover voltage. Such spheres 
are probably available in most high voltage laborato- 
ries or they can easily be obtained. Therefore, the 
volt-time curve in figure 3, for 25-cm spheres spaced 
6 cm, is considered best suited as a reference standard 
for use in checking the accuracy of steep-front im- 
pulse measurements at various laboratories. 


8. Appendix 


8.1. Definitions for Use in Measuring and Specifying 
Linearly Rising Impulses 


A CRO with a linear sweep would be most con- 
venient for accurate measurement and_ tolerance 
specification because a uniformly rising voltage would 
be recorded as a straight line, and any departure 
could be readily detected. If the sweep is not linear, 
to evaluate uniformity of rate of rise exactly, the volt- 
age trace must be converted to its equivalent with 
a linear time base by a computing or graphical 
method. Although most oscillograph sweeps are 
not exactly linear over their — range, this rather 

complicated conversion can be eliminated in most 
cases by devising a method for evaluating sweep 
linearity. Then practical limits in sweep nonlinear- 
itv can be specified, and particular sweeps or sections 
of sweeps which exceed these limits should not be 
used. 

a. Determination of Sweep Nonlinearity 

A sweep calibration is obtained by taking an oscil- 
lograph record with a suitable 
signal applied to the deflecting 
obtained from measurements on 


high-frequency 
system. Data 
this record can 
then be expressed as a plot of time in microseconds 
wainst sweep deflection in inches or centimeters, 
as illustrated figure 9 for a typical CRO sweep. 
For a linear sweep this plot would, of course, be a 
straight line. Any departure from linearity is 
indicated by curvature of the plot. The degree 
of nonlinearity between any two Sweep deflections d, 
and dz, corresponding to time ¢, and t., is determined 
as follows: draw a straight line tangent to the plot 
at d, (see fig. 9) and call its intersection with the 
d, ordinate, f). Sweep nonlinearity in percent, ds, 
is here defined as 


j ti 100 
Os ; 
I i / 


l 


for the sweep interval from f, to tf. ds, is positive 
for 4; > t. In general, 6s; may be either positive 
or negative; but usually the same sign is maintained 
throughout any one sweep, and its magnitude is 
less the shorter the interval ¢,—t,. This definition 
makes it possible to specify the degree of nonline- 
arity allowable for various types of measurements 
and in some to apply corrections for non- 
linearity. 
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SWEEP DEFLECTION, cm 


FIGURE 9. Sweep calibration curve showing method for measur- 
ing sweep nonlinearity, isi 
i ll 


1 
/ 


Definitions of Rate of Voltage Rise, Time to Flashover, and 
Specification of Tolerances 


For a linearly rising waveform, the results of 


sphere gap sparkover data can be presented as a 
plot of sparkover voltage against either rate of 
voltage rise or time to sparkover. Since sparkover 
voltage depends mainly on rate of rise just prior to 
sparkover,’ rate of voltage seems the more 
logical independent variable. However, volt-time 
curves are already a familiar concept in dielectric 
brenkdown; and measurement accuracy can 
best be expressed as a function of rise time, it is 
thought desirable to use time to sparkover as the 
independent variable. The definition of “time to 
sparkover” presents no problem if the voltage rise 
is exactly linear, but truly linear waveforms 
hardly ever attained. 

It becomes 


rise 


since 


are 


therefore, to consider 
exactly how “time to sparkover’’ should be deter- 
mined. 


necessary, 


For very short times to sparkover, in order to get 
repeatable results it is necessary that the rate of 
voltage rise be very nearly constant over the period 
of time “just prior to sparkover.’’ It is this rate of 
rise that determines the magnitude of sparkover 
voltage. Thus, an equivalent or quasi ‘‘time to 
sparkover” is defined as peak voltage divided by rate 


intended to mean that portion of the 
ge at which sparkover would occur for a 60-cycle 
ich sparkover occurs for the particu 

d correspond to the section be- 


rior to sparkover’’ is 
he volta 
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SWEEP DEFLECTION, yu sec 


VOLTAGE, kv 








SWEEP DEFLECTION, pu sec 
Figure 10. 


measur ing 


Drawings of oscillograms showing 


method for 
rate of voltage rise 


and variation in rate of rise, 


0; 


ft e 
ORR - 100 
Cm —€ 


Upper) A. Voltage impulse with very short time to flashover. 


Lower oltage impulse with longer time to flashover. 

of voltage rise just prior to breakdown. 'To measure 
this rate of rise, a straight edge is lined up with the 
section of voltage record from about 80 to 100 per- 
cent of the peak or sparkover voltage. For times 
to sparkover less than 1 usec nearly all acceptable 
waveforms will fall along the straight edge in this 
section of the voltage record as indicated in figure 
10A. If there is curvature in this section, which is 
more likely for times to sparkover greater than 1 
usec, the straight edge should be placed tangent to 
the curve at sparkover voltage as shown in figure 
10B. The slope of the straight edge in terms of the 





voltage and time coordinates of the trace is the rate 
of voltage rise. If the sweep is linear, this slope can 
be obtained by dividing peak voltage, e,, by the 
time interval between the zero intercept of the 
straight edge and peak voltage point, (t,,—t)), as 
shown in figure 10A. Accuracy requirements are 
specified by saying that the sweep nonlinearity, 
dsz, must be less than 10 percent in the interval used 
to measure slope, t,,—f. Unless this interval is a 
fairly small fraction of the whole sweep, the 10 
percent limit is quite likely to be exceeded. The 
slope can usually still be obtained to the required 
accuracy by using a shorter interval such as (t,,—t,) 
[see fig. 10A] and a smaller corresponding change in 
voltage, (€,, These measurements, of course, 
depend upon the particular sweep being used. It 
is probably easier to discard voltage traces occ urring 
over sweep intervals with high values of ds, than to 
apply a correction to rate of rise which could be 
determined from sweep nonlinearity. 

In addition to measuring rate of voltage rise just 
prior to sparkover by the method described, it is also 
necessary to determine whether rate of rise varies 
by a significant amount between 30 and 100 percent 
of sparkover voltage. Experimental data obtained 
with different wave shapes at the National Bureau 
of Standards have indicated that as long as the rate 
of voltage rise is constant from the 60-cycle peak 
sparkover value of voltage up to actual sparkover, 
it is not important that it remain constant 
below the 60-cycle peak sparkover value. Thus, 
between the 30 percent voltage point and 60-cycle 
sparkover voltage it is only necessary to ascertain 


—€,). 


also 


that the voltage rises approximately linearly and has 


no abrupt discontinuities. However, in the range 
between 60-cycle peak sparkover voltage and actual 
sparkover, it necessary to define a “‘variation in 
rate of and state tolerances. To do this, ég 
fig. 1OA) is taken as the point on the voltage 
trace corresponding to 60-cycle peak sparkover volt- 
age. A vertical line through ég) intersects the sloping 
line drawn for measuring rate of rise just 
flashover at é. Then ‘‘variation in rate of 
rise in percent,” is defined 


1S 
rise 


(see 


prior to 
voltage 
as 


ORR; 


, 


60 


100. 


ORR 
& 6u 


This is a true measure of change in 
point (0, feo) to point (e,,, t 
linear in this range. If the sweep is not linear, con- 
stancy of rate of rise would be indicated bpp Ser, 
where both dpp and ds; are determined for the same 
time interval t,,—4e9, and their 
the definitions stated. 
of rise, dpe, 


rate of rise from 
em provided the sweep 1 is 


signs are found using 
Then the true variation in rate 
can be defined as 


drr—Orr— Osz. 

A tolerance is specified by saying that the true vari- 
ation in rate of rise, dpe, between the 60-cycle peak 
sparkover voltage and actual flashover voltage shall 


not be greater than 20 percent. 


The voltage-time trace shown in figure 10A is 
typical of those obtained for times to sparkover up 
to about 1 usec. For longer times, the curvature 
of the trace is more likely to be reversed in sign as 
shown in figure 10B. For very long times to flash- 
over the actual voltage at sparkover approaches the 
60-cyele (full-wave) value, and the tolerances as 
specified, by using ¢,,— és, allow considerable curva- 
ture just prior to flashover. This is not objection- 
able because flashover voltage changes very slowly 
with rise time for times greater than 10 psec. To 
insure minimum spread of observed values in this 
range, it is necessary to irradiate the gap by using 
an ultraviolet lamp or some radioactive material 
placed inside one sphere. 


c. Summary of Definitions and Tolerances 


The following definitions and methods for ex- 
pressing tolerances are proposed for use in obtaining 
sphere-gap_ volt-time curves from cathode ray 
oscillograph records. 

Sweep nonlinearity between times ft, and ft, 


oscillograph record is defined in percentage as 


of an 


, 


' 100 


dsr 


where ¢,; is determined as indicated in figure 9. 
Uneorrected variation in rate of voltage rise for a CRO 
chopped wave voltage trace is defined as the change 
in rate of rise from POInt (€g9, feo) to point (¢ tn) 
and is given in percentage as 


ms 


€ 5 € wy 


6 RR ] OO 


€60 


where é€ is determined as indicated in 
or LOB. 


True variation in rate of voltage rise is defined as 


1OA 


figure 


bx r—Orr— dsr 

where dpe and 6s, are determined using the same time 
interval. 

Linearly rising wavefront is defined as one rising at a 
constant rate from 30 to 100 percent of flashover 
voltage. 

Allowable tolerances can be fixed by requiring 
that 6:,.520 percent, and that between the 30 
percent voltage point and 60-cycle sparkover point 
the voltage shall rise approximately linearly with no 
abrupt discontinuities. 

Rate of voltage rise is defined as the slope of the 
voltage rise trace just prior to flashover. It is ob- 
tained by measuring the slope of a straight edge 
which has been either (1) lined up with the section 
of voltage record from 80 to 100 percent of sparkover 
voltage indicated in figure 10A or (2) placed 
tangent to the voltage trace at the sparkover point 
as indicated in figure 10B. The sweep time interval 
used in measuring this slope should be chosen so 
so that ds,S 10 percent. 

Time to Rockaoers is obtained by dividing peak voltage 
at flashover by rate of voltage rise as defined above. 


as 
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Divider 


8.2. Inductance Errors of a Resistance 
Stray Capacitance Neglected 


Suppose a linearly rising voltage e(t) 
applied across the divider, and 


mt 1, 


R,=divider high side resistance 
R,=divider low side resistance 
?=total divider resistance 
L,=divider high side inductance 
L.=divider low side inductance 
L=total divider inductance 


R/L=a. 


The divider low side resistance is assumed to be less 
than 10 ohms, thus the CRO cable connected in 
parallel with it can be neglected in a consideration 
of inductance errors. 

The operational equation for 
through the divider is 


finding current 


(R- pLyi mt 1. 


The Laplace transform of this equation is 


m 


(R+-sL)I(s) 
solving for J(s 


I(s) 


To transform J(s) to a function of time, let 


i Pe 
-I(s) I(s), where f(s) 
m ? s * —s s(s4 a) 


Also, the inverse transforms of 


f(s) 
F(t) and F(t) respectively, thus 


and f(s) are 


and by a well-known theorem in operational calculus 


*t 
F(t) | F(r)dr 


"F l—e¢ 


F(t) | dr. 


a 


After performing the integration, this expression 
for F(t) can be used with eq (1) to obtain 


i(t) 75 | t+ - (e~«*— 1) |: (2) 


Using this equation the divider low side voltage, 
li 
L, = 
“dt 


“—0(p-e) | 


The measured value of high side voltage is then 


R t 5 L L, ry) 
Cum R, =m [ + (e —1)( RR, )| (3) 


The error in measured value due to inductance is 


e(t)—e» 
e(t) 


—_ a)( 5-7) 


(4) 


Since a can be easily be made equal to 10° or greater, 
the quantity (l—e~*‘) is approximately equal to 
unity for all times greater than 0.05 usec. Thus, 


the error becomes 
L Es 
( IR.) 


t 


L IL, hich is true if ; 
RR, which 1s true 1 R, R» 
Therefore, the error Can be reduced to a negligible 
value by making the divider low side time constant 
nearly equal to that of the higher side. 


It approaches zero for 


[, L, 
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Evaporated-Film Electric Hygrometer Elements ' 


Frank E. Jones 
(February 14, 1962) 


This paper reviews the development at the National Bureau of Standards of an evapo- 
rated thin film electric hygrometer element and presents experimental data to illustrate 
characteristics of the element. These characteristics are explained, at least in part, in terms 
of physical principles, and especially with. reference to the physical adsorption process. 

The applicability of the evaporated thin film to upper air humidity sounding is discussed. 
The effects of such variables as film thickness, substrate temperature, and heat treatment in 
the film production processes on the characteristics of the hygrometer element are illustrated. 
Of the fourteen compounds thus far investigated as the thin film material, results for barium 
fluoride, potassium metaphosphate, cerous fluoride, and lead iodide films are presented. 
Lead iodide films with electrodes deposited over the films are of particular interest due to the 


relative stability of the 
electrical resistance. 
fluoride element, 


flight conditions, is included. 


1. Introduction 

In upper air humidity sounding using the 
balloon-borne radiosonde there has been a need for 
an electric hygrometer element (a device which, 
through the variation of some electrical quantity 
such as resistance, is used to determine the moisture 
content in a gas sample) with a response sufficiently 
rapid to permit the accurate determination of atmos- 
pheric moisture distribution, especially where steep 
gradients or discontinuities exist. The approach at 
the National Bureau of Standards in developing 
such an element has been to experiment with mate- 
rials which interact with water vapor mainly by physi- 
cal adsorption, with its characteristic rapid rates 
and reversibility. 

it is well known that the surface electrical con- 
ductivity of many materials varies with adsorption 
of water vapor. This property can be used to 
measure relative humidity. A plot of surface 
electrical conductivity against relative humidity at 
constant temperature is related to an adsorption 
isotherm since the conductivity has been found to 
depend upon the amount of water vapor adsorbed. 
A family of plots of electrical resistance against 
relative humidity at various temperatures for a solid 
adsorbent serves as a calibration for a device operat- 
ing on the above principles. The thin film with its 
short diffusion paths is obviously an advantageous 
form in which to utilize a solid adsorbent for an ap- 
plication in which rapid response of some variable to 
the adsorption and desorption of a gas or vapor is 
desired. 

To aid in the selection of humidity-sensitive film 
materials, consideration was given to such properties 
us the polarizabilities (the magnitudes of electric 
dipole moments induced by unit electric field) of 
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calibration with storage 
A plot of an upper air humidity sounding obtained with a barium 


indicating the rapid response and the 


and the small temperature coefficient of 


high sensitivity of the element under 


the constituents of the material; 
decomposition temperature, ease of evaporation, 
and adhesion of the material to an insulating sub- 
strate; structure and stability of the deposited film, 
porosity of the film, and solubility of the film material 
in water; and the expected electrical resistance- 
relative humidity characteristics of the resulting 
device. On the basis of these properties, approxi- 
mately 20 compounds were selected for experimen- 
tation. Potassium metaphosphate, strontium fluor- 
ide, strontium sulfate, cuprous chloride, barium 
fluoride [1],? cerous fluoride, didymium fluoride 

lanthanum fluoride, neodymium fluoride, lead iodide, 
silver iodide, thallium iodide, cesium iodide, and 


cadmium iodide films have thus far been investigated. 


vapor pressure, 


2. Element Design 


The film-type hygrometer element consists of the 
humidity-sensitive film, an insulating substrate on 
which it is deposited, and electrodes between which 
the resistance can be measured or otherwise utilized 
in an electrical circuit. The substrate material used 
in most of this work was microscope slide cover glass. 
The electrodes used in the potassium metaphosphate 
element [3] and the early work on some of the other 
materials were parallel strips of silver paint fired 
onto the glass. Due to the high electrical resistivities 
of elements of this type, especially at low relative 
humidities, closely spaced electrodes are needed to 
lower the resistance [4]. A sketch of an element and 
examples of various electrode configurations are 
shown in figure 1. The humidity-sensitive films are 
deposited over the electrodes in most but 
evaporated film electrodes may be deposited over the 
films, and in later work this was done with signifi- 
cantly different results, to be discussed later. 


cases, 


2 Figures in brackets indicate the literature references at the end of this paper. 
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1) Parallel strip electrodes b 
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3. Evaporation Techniques and Procedures 


Evaporated thin films are produced by thermal 
evaporation or sublimation in an evacuated chamber. 
The vapor deposits on substrates positioned in the 
chamber thereby forming the thin films. The con- 
ditions existing in the vacuum chamber before, dur- 
ing, and after the ev: aporation influence the initial 
structure and physical properties of the deposited 
films. Some of the influencing parameters and con- 
ditions which can be controlled or at least measured 
throughout the film production process and subse- 
quent treatment are as follows: Residual pressure in 
the evaporator, composition of the residual gas in 
the evaporator, the nature and cleanliness of the sub- 
strate, the temperature of the substrate during the 
deposition, the heat treatment of the film and sub- 
strate after the deposition, the temperature of the 
evaporating source, the source-to-substrate distance, 
the angle between the evaporated “beam” and the 
substrate, the geometry of the source and of the sup- 
port on which the substrates are mounted, the dura- 
tion of the evaporation, the nature and number of 
nuclei or centers of nucleation on the substrate, and 
the thickness of the deposited film. Some of these 
conditions were controlled while others were meas- 
ured during the deposition of the various substances. 

The glass substrates are cleaned by conventional 
methods, such as a detergent-and-water wash fol- 
lowed by rinses in distilled water and in isopropyl 
alcohol and by v: sate degreasing in an isopropy! 
alcohol degreaser. In the vacuum chamber, im- 
mediately before deposition of the film, a glow dis- 


charge further 


cleans the substrates by removing 
adsorbed gases. 


Uniform film thickness for a batch 
of elements produced in the same evaporation is ob- 
tained by placing the substrates on a hemisperical 
rack with the source located on the same sphere, 
considering the evaporating source to approximate a 
“surface source” [5]. Effects of the variation of some 
of the other evaporation parameters will be illustrated 
later. 


4. Characteristics of the Hygrometer 
Elements 


4.1. Calibration 


The resistance of the elements decreases with in- 
creasing relative humidity and, therefore, with the 
amount of water adsorbed on the humidity-sensitive 
film. Plots of logarithm of element resistance 
against known relative humidity at various tempera- 
tures are referred to as element “calibration curves.” 
If mean calibration curves for groups of elements 
made under the same evaporation conditions are 
plotted, these curves may be used for these elements 
individually and for elements subsequently produced 
under the same conditions. Room temperature 
calibration curves for potassium metaphosphate, 
barium fluoride, cerous fluoride, and lead iodide 
elements are shown in figure 2. 
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FicurE 2. Room temperature calibration curves for various thin 
film elements. 


The calibration curves are displaced vertically 
toward higher resistances at lower temperatures. 
The families of curves for potassium metaphosphate 
and barium fluoride elements over a temperature 
range of 40 to —40 °C are shown in figure 3. 
Each calibration is valid only for elements produced 
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Figure 3. Calibration curves for potassium metaphosphate and 
barium fluoride thin film elements in the temperature range 
10 to 40 °C. 


with specified evaporation conditions and. for a 
specified electrode configuration and film thickness. 
The range of resistance for the potassium meta- 
phosphate element is from about 4 10* to 10% 
ohms at room temperature and from about 10° to 
10" ohms at —40 °C. By optimizing the evapora- 
tion conditions, a potassium metaphosphate element 
can be produced with a range of from about 10° to 
10" ohms at room temperature. These ranges per- 
tain to elements with parallel strip electrodes, 
whereas the magnitude of the element resistance 
could be reduced by approximately 10° by the use 
of a closely spaced intermeshing-comb electrode 
configuration. The resistance range for barium 
fluoride elements with closely spaced electrodes is 
from about 10° to 10° ohms at room temperature. 
At —40 °C, the range is from about 10* to 10" 
ohms. The effects of evaporation conditions on 
the room temperature calibration of potassium meta- 
phosphate elements are illustrated in figure 4. 


4.2. Temperature Coefficient 


It might be assumed that the negative tempera- 


ture coefficient of resistance (that is, the increase 
in resistance with decreasing temperature) is in part 
due to two effects, namely, increased physical ad- 
sorption at lower temperatures, and the temperature 
dependence of the transport of current carriers 
through the film to the electrodes. In addition to 
the above effects, there are also other effects at the 
film-electrode, film-substrate, and electrode-substrate 
interfaces, and at the film surface. Calibrations 
for lead iodide and barium fluoride elements, with 
electrodes over or under the film at room tempera- 
ture and at —30 °C, are shown, respectively, in 
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Figure 4. Examples of the effects of evaporation parameters on 
the room temperature calibration curves of potassium meta- 
phosphate thin film elements. 


“Aperture” refers to the diameter of a circular hole, in a baffle 


, delineating 
the evaporation source. 


figures 5 and 6. The results indicate that in general 
the temperature coefficient of resistance is smaller 
for elements with electrodes over the film. This 
suggests the interesting possibility of producing an 
element with a greatly decreased temperature 
coefficient of resistance. Such an element would 
have the following advantages: A single calibration 
for the entire temperature range; lower resistance 
at lower temperatures, thus reducing the difficulty 
of resistance measurement; some latitude for elec- 
trode placement and dimensions; some latitude for 
decreased element size; and some latitude for ele- 
ment shape. 


4.3. Analogy With Physical Adsorption 


Plots of logarithm of conductance against relative 
humidity for the potassium metaphosphate element 
and the barium fluoride element resemble typical 
adsorption isotherms [6], “Type V” for potassium 
metaphosphate and ‘“Type II” for barium fluoride, 
as illustrated in figure 7. These two isotherms are 
believed to represent multimolecular adsorption 
(adsorption of more than one layer of water at the 
high relative pressures) and appear only in vapor 
(as differentiated from gas) adsorption [7]. It is 
interesting to note that these two isotherms are 
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. ¢ an unde Ficure 7. Illustration of the similarity between the shapes of 
plots of logarithm of thin film element conductance against 
relative humidity and the shapes of typical adsorption isotherm 
types 


typical of water vapor adsorption, Type II on 
hydrated portland cement and Type V on coconut 
charcoal [7]. This behavior is compatible with the 
physical adsorption process taking place on the 
film-tvype hygrometer element and suggests the 
desirability of performing physical adsorption meas- 
urements on the film materials to determine the 
adsorption isotherms and to correlate these isotherms 
with conductances (therefore, conductivities) deter- 
mined under the same conditions. 


4.4 Hysteresis 


Calibration curves are established by exposing 
the elements to a cycle of relative humidities. <A 
plot of the logarithm of resistance for an individual 
element against relative humidity for the cycle is a 
hysteresis loop. On the branch of the loop represent- 
ing increasing relative humidity, the resistance is 
higher than on the decreasing branch at the same 
relative humidity. The difference in indicated 
relative humidity between the two branches of the 
loop is taken as a measure of hysteresis. For the 
potassium metaphosphate element, the average 
hysteresis was approximately 3 percent relative 
humidity in the temperature range 0 to 40 °C; for 
the barium fluoride element, the median of the 
hysteresis values was approximately 1.5 percent 
deaatk  amenole af he eithuniion tf tea ieomsarebiore aiatakent relative humidity in the temperature range 40 °C 

of resistance accomplished by placing the electrodes over the | tO 40 °C. Humidity cycling tends to reduce 


barium fluoride film rather than under. hysteresis. With barium fluoride elements, expo- 


212 








sure to six cycles between the extremes of humidity 
at the calibration temperature, previous to the 
calibration cycle, reduces hysteresis significantly. 
Hysteresis, both reversible and nonreproducible 
(nonreproducible if a different curve results from a 
repetition of the cycle) in the physical adsorption 
process has been studied by many investigators 
and several theories have been advanced [6]. Hys- 
teresis in physical adsorption has been attributed 


to interference in multilayer formation due to porous | 


of the 
Humidity- 
vacuum chamber both 


structure of the adsorbent. Hysteresis 
hygrometer elements is nonreproducible. 
cycling and evacuation in a 
result in reduction of hysteresis of the elements. 
The effect of humidity cycling on the hysteresis 
loop of potassium metaphosphate elements, and the 
room temperature hysteresis loop of barium fluoride 
elements are illustrated in figure 8. These results 
suggest instability of the film to sintering and to 
chemical change, and also suggest the possibility 
that adsorbed impurities on the film are at least 
partially removed by the cycling and evacuation. 
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Ficure 8. (a) Jllustration of the effect of humidity cycling on 
the hysteresis loop of potassium metaphosphate thin film 
element. (b) Typical barium fluoride thin film element 
hysteresis ion after siz humidity cycles. 
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4.5. Response Time 


The time required for the indication of the element 
to pass through a certain fraction of the total change 
in indication after the element has been subjected 
to an abrupt change in relative humidity is a measure 
of the speed with which the element responds to a 
change in ambient relative humidity. The times 
corresponding to 63 percent and 90 percent of a total 
change in indication are referred to as ‘response 
times” in this work. The response times depend 
upon temperature, the initial and final ambient 
relative humidities, the direction of change of rel- 
ative humidity (increasing or decreasing), and other 
factors. The average 63 percent response times in 
the direction of increasing relative humidity for the 
potassium metaphosphate element are 0.1 sec at 
room temperature and 2 sec at —20 °C. Cor- 
responding values for the barium fluoride element 
are approximately 0.1 sec at room temperature, 
1 sec at —20 °C, and 3 sec at —40 °C. Correspond- 
ing values for the conventional lithium chloride 
electrolytic humidity element are 3 sec at room 
temperature, approximately 50 sec at —20 °C, 
and 480 sec at —40 °C. Typical —20 °C response 
curves for potassium metaphosphate elements, 
barium fluoride elements, and conventional lithium 
chloride electrolytic humidity elements are shown 
in figure 9. Comparison of the response times 
indicate that the thin film hygrometer elements 
represent a large improvement over the conventional 
element in this respect. 
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FicurE 9. Typical response curves for barium fluoride and 
potassium metaphosphate thin film elements and the conven- 
tional lithium chloride electrolytic humidity element at — 20 °C. 





Plots of response time against 
phosphate film thickness for various evaporation 
conditions are shown in figure 10. These plots 
indicate that the response was slower with increasing 
film thickness, presumably due, at least in part, to 
the transport of the water vapor into the 
micropore structure of the film. However, a mini- 
mum response time of the order of 0.1 see at room 
temperature was approached as the film thickness 
was reduced. This result suggests the possibility 
that the response time is also influenced by other 
processes. Consideration of the response mechanism 
of the elements indicates that diffusion might be 
divided into at least three parts: Transport of water 
vapor through an aerodynamic boundary layer on 
the film resulting from the flow of air (250 m/min) 
across the surface; energy (heat of adsorption) trans- 
fer; and surface diffusion of water vapor into the 
micropore structure of the film. In each of these 
cases, the time required would contribute to the 
response time. If the thickness of the film became 
so small that diffusion into the film became negligible 
in its contribution to the response time, there would 
still remain the transport of the water vapor and 
the energy transfer through the aerodynamic bound- 
ary layer to contribute to response time. 

It is possible that the observed minimum repre- 
sents diffusion through the boundary layer and that 
the diffusion into the film is negligible. On this 
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elineating the evaporation 


basis, then, it would be possible to greatly reduce 
the response time by introducing turbulence into 
the boundary layer since turbulent flow is much 
more efficient for transport of mass and heat than 
is laminar flow [8, 9, 10]. It would also be possible 
to reduce the boundary layer thickness by reducing 
the dimension of the element in the direction of the 
air stream. Morris and Sobel [11] have shown that 
the response time of the conventional lithium 
chloride element in an air stream depends on the 
orientation of the element relative to the direction 
of flow. A rough calculation based on a turbulent 
boundary layer and a smaller dimension in the 
direction of the air stream indicates that the response 
time of the potassium metaphosphate element 
might be reduced to the order of 1 msec at room 
temperature. This result would be expected to 
apply to other film-type elements also. The place- 
ment in the radiosonde and the nature of the flow 


across the element are, on the basis of this argument, 
areas in which the response time of 
element might be greatly improved. 


the film-type 


4.6. Film Thickness 


The film thickness in the early potassium meta- 
phosphate work at the National Bureau of Standards 
was 0.075 yw (approximately 3 yw in.), later work 
covered the thickness range from less than 0.03 
(1 win.) through 2 uw (S80 win.). The barium fluoride 
film thickness was 0.30 yw (12 yu in.). The film 
thicknesses for the other materials thus far investi- 
gated generally lie within the range of the later 
potassium mets aphosphate work. The response times 
for the potassium metaphosphate elements in- 
creased with increasing film thickness under similar 
evaporation conditions. However, altering the 
evaporation conditions resulted in generally different 
values of response time for the same_ thickness. 
The calibration curves for the potassium meta- 
phosphate elements (fig. 4, for example) indicate 
that the logarithm of resistance-relative humidity 
characteristics of the elements are not simply 
determined by film thickness, but depend upon the 
combination of evaporation parameters. The bari- 
um fluoride film thickness of 0.30 u was selected by 
experimentation as an optimum value which gave a 
favorable calibration curve without unduly sacrific- 
ing response time. 


4.7. Polarization 


The film-type hygrometers tend to polarize when 
subjected to direct current, that is, the element 
resistance with time in a d-c circuit. 
Humidity cycling reduces this effect on the potassium 
metaphosphate element. It is possible that further 
investigation of electrode processes might result in fur- 
ther reduction in polarization. However, the more 
practical solution to the polarization problem is to 
use the element only in a-c circuits. For the barium 
fluoride element, it is desirable to use the element 
with symmetrical alternating current at low fre- 


mcreases 
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quencies, but not lower than 2 c/s, with voltage 
drops across the element preferably of the order of 
Il v rms. 


4.8. Stability 


One of the criteria for the selection of film materials 
is relative insolubility in water. The object of such 
a requirement is to minimize effects of exposure to 
high relative humidity and water immersion. 
Stability of the film material and its adhesion te the 
substrate and to the electrode are also of importance 
in this respect. Extended exposure of potassium 
metaphosphate elements for 1,470 hr over water in a 
sealed container resulted in increases in element 
resistance and a consequent error in the indication of 
approximately 15 percent relative humidity at 
saturation. Barium fluoride elements exposed to 
97 percent relative humidity for 1,421 hr departed 
from the correct indication by a maximum of only 
1.5 percent relative humidity. Subjection to a 
water spray in an air stream and 2-sec immersion in 
distilled water has no apparent harmful effect on the 
barium fluoride element. It is interesting to note 
that barium fluoride is more soluble in water than is 
potassium metaphosphate, although the high humid- 
ity exposure results would seem to indicate the 
contrary. However, there is electron diffraction 
evidence that an insoluble barium fluosilicate is 
formed on the barium fluoride film, which might in 
part account for these results. Cerous fluoride 
elements have bee: boiled in water with no apparent 
permanent damage. Other cerous fluoride elements 
have been frozen in ice to about —70 °C without 
apparent permanent damage. 

The effects of long-term storage on the calibration 
of the elements are of importance in determining 
their “shelf life.’ Potassium metaphosphate ele- 


ments stored in a dry atmosphere for approximately 


1 year conformed 


satisfactorily to the original 
calibration. 


The barium fluoride elements, at least 
in part due to changes in structure and composition 
with time, increase in resistance with storage such 
that they should be put into use within 1 month 
after manufacture if the original calibrations are to 
be used. Lead iodide elements with electrodes 
over the films have been found to conform satis- 
factorily to the original calibration after at least 4 
months storage in a dry atmosphere. 


4.9. Conduction and Capacitance 


The mechanism of conduction on the film-type 
element is as yet not known. The results of some 
experiments and consideration of the adsorption 
process indicate that it is possible that the current 
carriers are transported in the adsorbed water film. 
The identification of the current carriers remains for 
future experimentation. However, the interesting 
possibility exists that at least part of the conduction 
is by proton transfer along the hydrogen bonds of the 
adsorbed water film, and that the humidity-sensitive 
film serves essentially only as an adsorbent. Ad- 





sorption studies on the humidity-sensitive films with 
simultaneous determinations of conductivity could 
be expected to shed light on the conduction 
mechanism. 

Although our emphasis thus far has been on the 
resistance of the element, the capacitance of the ele- 
ment also varies with relative humidity. The ele- 
ment can be considered to consist of a variable 
resistor in parallel with a variable capacitor. The 
capacitance ef the element increases through two or 
more orders of magnitude from low to high humidities. 
Further study should determine the feasibility of 
using the capacitive component as a measure of 
humidity. 


5. Flight Testing 


In order to flight test the elements in radiosondes, 
a-c circuitry capable of handling the high resistances 
of the elements was developed and radiosondes were 
modified to accommodate the circuitry. A series of 
flights was planned to provide data on the response 
and sensitivity of the elements to changes in humidity 
in the atmosphere and to give an indication of the 
accuracy of the indication of the elements. On each 
flight, both a conventional radiosonde with a stand- 
ard lithium chloride electrolytic element as the humid- 
ity sensor and a moditied radiosonde with the 
thin-film element are carried aloft on the same balloon. 
A preliminary plot of one of these flights with the 
barium fluoride element is shown in figure 11. The 
apparent sensitivity and the rapid response of the 
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Ficure 11. Plot of barium fluoride thin film element-conven- 
tional lithium chloride electrolytic element comparison flight. 
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barium fluoride element are indicated by the plot. 
In the future, detailed data will be obtained by 
analysis of magnetic tape records of the audiofrequen- 
cies transmitted by the radiosondes during the flights. 
Future flights can perform other functions such as: 
To compare different film-type elements under con- 
ditions of projected use; to provide response time 
data under both changing humidity and changing 
temperature conditions; to determine the effects of 
flow conditions, such as turbulence in the boundary 
layer, on response time; to determine the effects of 
dimensions and shape of the element on response 
time; and to provide information on the distribution 
of water vapor in the troposphere which could be cor- 
related with the synoptic weather situation. The 
last of these functions includes the primary function 
of the element, and also includes research in the 
troposphere. 

In summary, this paper has reviewed the develop- 
ment of a thin film humidity sensor at the National 
Bureau of Standards and has used the principles of 
physical adsorption to explain, at least in part, its 
characteristics. The development is not vet com- 
plete, and many areas of considerable interest and 
importance have been revealed in which further 
investigation is indicated. 
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Several static boundary value problems involving anisotropic media have been solved 


and the results are presented here. 


The solutions have been applied to simple electrode 


configurations to obtain formulas for in situ determinations of the resistivities of anisotropic 


conducting media. 
shapes. 


The boundaries treated include infinite, semi-infinite, slab and spherical 
The media are anisotropic with a common resistivity in two orthogonal directions 


and a lower resistivity in the third orthogonal direction. 


1. Introduction 


In the following, field solutions and measurement 
equations suitable for finding the electrical resistivi- 
ties of anisotropic conducting media and analogous 
parameters are derived for several boundary con- 
figurations. The results have been applied to the 
measurement of the resistivities of living muscle 
tissue in situ but they may also be used for the 
measurement of the electrical properties of other 
anisotropic media, for example; the conductivities 
of earth formations and semiconductors and the 
dielectric constants of uniaxial crystals. The meas- 
ured values of muscle resistivity and descriptions of 
the physical apparatus will be reported elsewhere. 

The anisotropy of muscle is correlated with the 
directions of muscle fibers. These appear to consist, 
electrically speaking, of high resistivity tubular 
membranes surrounded within and without with low 
resistivity fluids. The membranes have a common 
orientation in a given muscle, vielding one direction 
of low resistivity parallel to the fibers and two 
directions of high resistivity transverse to the fibers. 
To maintain the muscle in its natural state during 
the measurements, the measuring electrodes were 
placed on the muscle surface rather than in the 
tissue interior. With one exception, the equations 
developed here reflect these conditions. 

When applied to the measurements of skeletal 
muscle in living animals the precision of the methods 
to be described were limited by the inhomogeneities 
of the tissue and the difficulties of obtaining exact 
alinement of the electrode structure with the axes of 
anisotropy. 


2. Potential Field of a Spherical Current 
Source in an Infinite Anisotropic Medium 


The potential field of a spherical current source, 
and its specialization to a point source, in a linear, 
homogeneous, infinite, anisotropic, conducting medi- 
um with sink at infinity, forms the basis for all the 
results to be derived. 


Present address, Syracuse University, Syracuse, N.Y. 
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For anisotropic media having | 


one direction of high conductivity and two directions 
of low conductivity, the solution to the stated prob- 
lem can be obtained by a procedure given by Smythe. ? 

The electrostatic equation of continuity can be 
written in rectangular coordinates as 


o’7V 
ct 


0 o7V ry «. 
Ox 


-+o; - =.) 


VI =o, Cy Oy D2? 


(1) 


in which J is the current density, V the potential and 
oz, oy, and o, are the conductivities in the z, y, and z 
directions respectively. The origin of coordinates 
is taken at the center of the sphere, figure 1. In the 
medium of interest, ¢,=0,—0,; and o,=o,. @ is 
defined as o;/o,<1. Equation (1) becomes Laplace’s 
equation in a new coordinate system in which 
w=ay as 


, Stati 


2Smythe, W. R 


ind Dynamic Electricity, 2d ed. (McGraw-Hill 
Co., 1950), p, 248. 


Book 





x y 
Figure 1, Coordinate relations for calculatingYthe potential 
of a spherical electrode in an anisotropic medium. 
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Vv .oFV . ofFV. 0 >, | expressing J in terms of V and integrating over a 
or! ow on ‘-) | cube of edge 2w, symmetrically disposed about the 
origin, we have 
The spherical electrode surface defined by 2?+y? | A es 
2°—f,? becomes, in the z, pp, 2 coordinates, an .- eee : dx dy 


oblate spheriod defined by ~ 1(J—aq?)/2] ‘ 2’?+w*+a*y’*)*? 


a dy dz 
- (w*+2*- a“y*) 


9 | *u 
a oi So ‘ 

sot stpa=l. (3) ton | 
ie alio is oJ — We 


Smythe shows that the solution to eq (2) may be : "» (Pu _- 
expressed as +a‘o,u : 
e * 


w(t ryrawen 
| 
dy 


The bracket reduces to 42(¢,0,)!”. For a semi- 
+») (b?-+y) 2 


infinite medium, o, and o,=0 where z>0 and the 
1 


_ dy bracket becomes 2x(¢,0,)'*. Thus, in the latter 
J (a?+-y)(b?+-y)! | (4) case, eq (9) becomes 

’ | 2 a2 Zaye 1/2 
in which » is the confocal ellipsoid parameter of the V= I [4a %oron(0"* tary’) |" (10) 
equation TY ae le 
° 1e measurement of o,, o,, and o, of a semi- 
- 4 | infinite anisotropic medium can conveniently be 
(a*+v)  (b’+v) © (a+) | made by applying eq (10) to a simple electrode 
At the electrode surface defined by »=0, eq (5) arrangement. Assume the semi-infinite insulating 
reduces to eq (3). Hence a R, and b=alh,. By boundary (usually SS), figure Hike - at the z=0 plane ; 
= . i.e., the conductivities are zero for z>0. Medium 
(1) is assumed anisotropic such that o,=0,—0, and 


df 


changing the variables of integration in eq (4) to 
v’=a’-+-y, the integrals can be evaluated by Dwight ‘ 


; _ o,—o,. The electrodes are shown schematically in 
192-11, giving Y ? ; a \ fer 
, - (b?—a?-Ly’)! { figure 2 and consist of four, equally spaced, approxi- 
v 


: nel mately spherical, conductors of small size. The 
ee A ORS, Hes b*) : dimensions of the electrodes must be such as to 
: , (b?—a?+v’)¥/? make eq (10) a good approximation to eq (8) ata 
(gq? 2/2 distance, a, from the origin; and to eliminate for 

| practical purposes, perturbations by the remaining 

| conductors of the potential field of the source or 

| sink. The potential difference between points g 

7 Vi _; (@ 7 and h due to electrode e can be found from eq (10). 
~ gin-! (1—a?)!/2 —_ (6?-+y)!/? Noting that electrode f doubles this potential differ- 


tan 


Solving eq (5) for v and substituting in eq (7), 
yields the potential outside the spherical electrode 
in the original coordinates; 


a= Vo sin7! HIGH 
sin-!(1—a’)!/? CONDUCTIVITY 
(9 1/2 
SS Se 2A)" (8) Low 
|p’? a’y” | A +-j (a?y* p’- A)? | 4o°*y" A)! 2) 1/2 CONDUCTIVITY 





in which A=R,? (1—a’) and p’=(2?+2*)'”. Equa- 
tion (8) also applies to a hemispherical electrode in a 
semi-infinite conducting medium; i.e., 2>0 an 
insulator in figure (1 

The point source solution is of particular interest 
and is found from eq (8) by assuming y and p’ very 
large as , 
V, (A)?/? 

~ gin7'(1—a?)"/? (p'*+ a’y”)' 2 9) 

Equation (9) can also be written in terms of the total 

current, J, leaving the electrode by integrating the 
normal component of J over a closed surface. By | Ficure 2. Arrangement of four point-electrodes for measuring 
FOOT “ the resistivities of an anisotropic, semi-infinite, conducting 
Dwight, H. B., Tables of Integrals and Other Mathematical Data, (Mac- medium. 


Millan Co., New York), 3d « 0 is an insulator 
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ence and expressing the result in polar coordinates, | 
see figure 2, the potential difference, Vg, can be 
written 


V -n(o) = 1420 10, (cos? d+? sin? g)|~"/?. (11) 


9 


Two measurements of V,,, at @ 
give o,; and o, from eq (11) as follows: 


1 


a1 V gp (4 /2)/V gn (0) }?. 


0 and @ 


rT 


[| 22aV gn (2/2) (12) 


Th 


(13) 


3. Measurement of the Resistivities of an 
Anisotropic Conducting Slab 


It may happen that the anisotropic material of 
interest, 2<0, figure 2, has a limited extension in 
the negative 2 direction; the shape being referred to 
asa ‘slab.’ When slab thickness, h, is less than twice 
the electrode spacing, a, the effects of the boundary 
may make eqs (12) and (13) poor approximations 
to the slab resistivities. 

If the boundary at —h is either a perfect con- 
ductor or an insulator, however, exact mathematical 
expressions for the resistivity of the slab as a func- 
tion of quantities measurable with the electrodes of 
figure 2 can be derived. To obtain these expressions, 
we find first the following potential fields: 


The potential on the surface of an anisotropic 
conducting slab arising from a point current source 
on the surface and sink at infinity. The slab has 
a high conductivity in the y direction and low 
conductivity in the # and 2 directions, is bounded 
at z=0 by an insulator and at —h by (a) an 
insulator and (b) a perfect conductor. 


Generalizations of the method of solution to include 
arbitrary field point and source locations in the 
slab will be apparent. 

Figure 3a represents a section of the given problem 
in the yz plane; figure 3b, a system of images located 
in an infinite homogeneous medium having the slab 
conductivities. The image system satisfies the 
boundary conditions at z=0 and z h and can 
therefore be used to obtain the field within the slab. 
As shown in figure 3b the images extend to infinity 
in the plus and minus 2 directions, spaced a distance 
2h apart. They are equal in strength to the source 
plus its image in the z=0 plane; ie., 27 and are of 
thesame sign if z Ah is an insulator and alternate 
in sign if 2 h is a perfect conductor. The 
potential on the slab surface can be written by 
inspection using the principle of superposition and 
eq (10) suitably modified for a source not at ‘the 
origin. The resulting potential on the 


=0, is 
yi | 1 ay?) -u8 
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surface 
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(+ 1)"\a" . ay” 1 (2nh)?*] vs} (14) 


FicurE 3. (a) yz-plane section of an anisotropic slab of thick- 
ness, h, with current source at the origin. 
(b) System of images of strength, +21, which 
match boundary conditions at slab surface. 
Images are infinite in number and spaced a distance, 2h, apart. 
signs appear at alternate images when z<—hA is a perfect conductor, 


The minus 


The plus sign applies when the z=—h/ boundary is 
an insulator and the minus sign when it is a perfect 
conductor, each term in the summation being an 
image contribution.‘ 

Again considering the electrodes of figure 2 


ae 


the 
potential differences measured on the slab surface at 
¢=0 (y=0) and ¢=7/2 (=0) can be expressed as 


I 


\ h:y= 07> ) 
inte 2ra(a,o,)'/" 


[1-4235(4 Del + @nhjays|" 
I 
{1+-(nh/a)?|~ "7 


- I ae | Se 
Venzr=0=5 I +2 D9 (+1)"(2[1+ (2nh/aa)?|~” 


“70,0 l 
—[1+(nh aa)"|-") } (15b) 


The conductivities o; and o, can conveniently be 
found from the measurements of V,,. Thus, taking 
the ratio of the equations in (15) we have 


Vieowe, alt 


Vie Bia) (16) 


in which B and B(a) are the terms in square brackets 
in eqs (15a) and (15b) respectively. Plots of B(a) 
as a function of h/aa (note that B=B(a) if a=1) 


4 Although eq (14) diverges when the plus sign is used, eqs (15) do not. 
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can be found in the geophysical literature.’ The 
graphs are reproduced here in figure 4 with minor 
modifications. Using eq (16) and figure 4 it is 
possible to obtain a quickly by successive approxi- 
mations. As is apparent from figure 4, when 
a/h>1.5, the asymptotic formula, B=1.39 (a/h), can 
be used; and when aa<.25, B(a) can be approxi- 
mated as unity. Once a=(¢,/o,)'” is found, eqs 
(15), together with figure 4 can be used to find 
o, and gay. 


4. Measurement of the Resistivities of an 
Anisotropic Conducting Hemisphere 


Should the anisotropic material have a spherical 
boundary, it is possible to obtain measurement 
equations in some instances. In particular, closed 
form expressions can be derived for the potentizl 
distribution in the hemisphere of figure 5. The 
source is a point current electrode arbitrarily located 
on the sphere surface and the sink a perfectly con- 
ducting meridian plane. The hemisphere has a 
high conductivity, o,, in the @ direction and low 
conductivity, o;, in the R and @ directions. Approxi- 
mate expressions, based on a four-electrode measure- 
ment, can be derived for o, and ¢; from the potential 
field. 

This problem arose in measuring the resistivities 
of heart muscle. The muscle fibers were assumed 
to be wrapped around an axis in a manner roughly 
analogous to string wound into a ball. It should be 
noted that the field expression is unchanged if the 
hemisphere is replaced by a sphere and the con- 
ducting plane electrode by a point sink at the location 
of an image of the source in the plane. 

As shown in figure 5, the point electrode is on the 
surface at R=C, @=6,, 6=¢; and the plane electrode 
is at ¢=+7/2. The equation of continuity can, 
with an appropriate coordinate transformation, be 
expressed as Laplace’s equation in spherical coordi- 
nates. The result is given in eq (17) in which 

=aQ. 


vvad 2 (Rr) tet oO (sino 2) 


R?oR OR ?? sin 6 086 o# 


1 o’V 2 
( ( 
TR sin? 609’? ~ (17) 


The boundary value problem in the new (2, 6, 9’) 
coordinate system is that of a point current source 
at R=C, 6=6,, ¢’=ad¢, on a wedge-shaped section 
of a sphere, and a sink at constant-potential inter- 
secting (internal angle a7) planes, figure 6. 

An image solution for the potential field in the 
wedge exists if 1/a is an integer; i.e., if the internal 
wedge angle is a submultiple of 7. Sources and 
sinks placed on the surface of a sphere as shown in 
figure 7 will make the planar wedge surfaces equi- 
potentials and satisfy the remaining boundary con- 
ditions as well. More general results arising from 


’ Hummel, J. N., AIME Tech. Publ. No. 418 and Heiland, C, A., Geophysical 
Exploration, (Prentice-Hall, New York, 1940), p. 716 


' 
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Ficure 5. 


Graphs used to solve for a in eq 16 (after Hummel). 


Anisotropic conducting hemisphere on a perfectly 
conducting meridian plane. 


Electrodes are on plane and at point, P, on the sphere surface. The hemisphere 
has ahigh conductivity, oa, in the ¢ direction and equal but lower conductivities, 
o:, in the @and F directions, C is the radius of the hemisphere 


FIGURE 6. 
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Hemisphere of figure 5 transformed to new coordi- 
nates in which o' =a. 





a source inside the wedge can be obtained by similar 
reasoning. 

The potential due to a source-sink pair arbitrarily 
located in a sphere has been given by Frank.’ His 
result, specialized to the case in which the source 
and sink as well as the field point are on the sphere 
surface and extended by superposition to q source- 
sink pairs, is the desired equation for the potential 
arising from the system of images shown in figure 7. 
This extended result, which gives the potential on 
the wedge, is presented as eq (18). 


Kee OS 
r 2 


2q 
V=k >*4 C(i—cos ¥})|] }} (8 
2 +( co vi)1) ) 


the radius of the sphere. 
the chord distance from the ith source (or sink) 
point to the field point in the (R, 6, 9’) 
coordinates. 
C'(2(1—cos ¥j}'”. 
the angle formed at the origin by the radius 
vector to the field point (C, 6, ¢’) and the 
ith source (or sink) point (C, @;, $;). 
cos”! [cos @ cos 6;+-sin 6 sin 6, cos (¢’—¢;)]. 
k=1/2r(o,0,)'", as can be shown by comparing 
eq (10) with eq (18) as C——>», 
The potential field in the original coordinates is 
found by substituting a¢ for ¢’ and ad, for ¢; in 
eq (18). 
When the conditions described below are satisfied, 
a convenient formula for determining approximate 
values of the conductivities o; and o,, applies to the 
electrode configuration of figure 8. In this case, elec- 
trode e and electrode f each give rise to a set of 
images. The electrodes are spaced along the are of 
a circle of radius, C, and the potential-measuring 
electrodes are at distances a and 2a from the current 


Frank, E., J. of Appl. Phys, 23, 1225, 1952. 
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Latitudinal plane section of figure 6 showing image 
construction for q=3. 


Ficure 7. 


The current, J, is shown entering at the point, P. 


The radius of the circular 
section is, C’ sin# 





electrodes. If the source is located far from the 
constant-potential sink plane, figure 5; ie., in a 
region defined by —1/4<o<2/4, 34/4<O0< 9/4, and 
the electrode spacing a is small compared to the 
sphere radius, the contribution of the images to the 
potential difference measured by the electrodes of 
figure 8 can be reduced to the order of one percent. 
From (18) the potential differences, neglecting im- 
ages, measured by electrodes g and h, figure 8, due 
to the current electrodes e and f, reduce to conven- 
ient expressions at two particular electrode alinements ; 
i.e., when the electrodes lie along a line of constant @ 
or constant @. In fact 
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cos (8¢,—86,,) |) ~ 1? 


cos (6,- On) | { (19) 
cos (0,—4,) | 


cos (@,—86,)|)~"/?—(2[1 


2 cos (6,—@,) |'/?+[1 
2 cos (6,—86,)|"?+-[1 


Here we have used @, for the polar angle of the 
source point, electrode e; and 6, and @, for the polar 
angles of the field points, electrodes g and h respec- 
tively. It is clear from the form of eq (19) and the 
angular relations shown in figure 8 that the factor 
of two used in eq (19) correctly accounts for the 
effects of the sink electrode, f. Noting that the de- 
nominators of the first two terms in brackets on the 
right are chord lengths, a and 2a respectively, eq (19) 
becomes 


. I ] l 
\ gh:constant @ ( +5 ’ lt 


m (o,0,)'/* \2a 


2(1+a oth 
y = ). 
(1+a/2C) 

(20) 
In a similar way, when the electrodes are alined along 
a latitude line, and if the sines of angles a, and ay, 
figure 8, subtended at the sphere center by the cur- 
rent and potential electrodes are approximated by 
the angles, we have 


I -( A pare In 2 oe) 


\ A:constant 6 é SYA) 
we tan 1 (ono;) 2aa t+@a/2C) 


(21) 





Figure 8. Electrode arrangement for measuring the resistivi- 
ties of the hemisphere of figure 5 using eqs (20) and (21). 





In the ratio of eq (20) and eq (21), @ is the only 
unknown and may be found by successive approxi- 
mations; after which o, and o, can be obtained from 
either eq (20) or eq (21 


5. Resistance Between Two Small Spheres in 
an Anisotropic Medium 


An “apparent resistivity” of an anisotropic me- 
dium has been obtained by comparing the resistance 
measured between two small spherical electrodes in 
an anisotropic medium with the resistance between 
similar electrodes in an isotropic medium of known 
resistivity.’ When the two resistances are equal, the 
apparent resistivity is defined to be the known iso- 
tropic resistivity. The apparent resistivity, in addi- 
tion to being a function of o; and op, is a function of 
the orientation of the axis connecting the spheres. 
An approximate formula for this functional depend- 
ence will be derived. The coordinate relations are 
shown in figure 9. A first approximation to the re- 
sistance, 2, between two spheres is well known to be § 

Q=2[V (R,)—V (a) ]/J (22) 
in which V(2,) is the potential on the surface of the 
sphere of radius, /), centered at the origin and V(d) 
is the pote ntial due to the sphe re al the origin at the 
center of the second sphere (at radius vector d), 
neglecting the perturbing effect of the second sphere. 
Rewriting eq (8) in polar coordinates with #?+7?+ 2 

@ and the constant V,/sin l4n 
(o,0,A)**, we have 


'(1—a’)'? as 


V (d) 





y 
FicureE 9. evaluating appro. imate 
resistance between two spheres of radii, Re, and 
center distance, d. 


Coordinate relations for 


center-to- 


in which 
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is a special case of eq (23) obtained by letting 
with the result 


I sin=! (1—a’)'/? i. 
ana” Te 1 . (24) 
4a (o,0,A)"* 
Comparing eq (22) for an isotropic medium in which 
Q=(2re)~'(1/R)—1/d), with the equivalent isotropic 
expression obtained from eqs (22), (23), and (24), 
the apparent resistivity, p,, 1s given by 


R, 2(1 


Kd 
Rilone Y))7{1/R,—1/d] 


a : a’) | 4 
‘(] a acl : 


—_—— (25) 
The two extreme values of AK occur when the elec- 
trode axis is perpendicular and parallel to the y axis. 
In these cases, we have 


Keo 


3 ) (1- a’) | oly 


Insertion of eq (26) in eq (25) gives the extreme 


values of p,, hence some estimate of the mean of p, 
over all angles. The latter quantity can be ob- 
tained more precisely by numerical integration of eq 
(25) over 6 and @ When I,)/d< <a, the terms in 
K containing 2,/d can be set to zero and the calcu- 
lation of the mean considerably simplified. Finally, 
by taking the ratio of eq (22) at the extreme values, 
an expression containing @ as the only unknown can 
be obtained and from this O1 and o;, determined, 


These results were obtained as part of a general 
investigation of tissue resistivity carried out in 
collaboration with Dr. J. A. Abildskov. The work 
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of Health, Public Health Service, and by a grant 
the Heart Association of Onondaga County. 
The author also wishes to express his appreciation 
to Dr. Richard MecFee for assistance in formulating 
the problems treated and for helpful manuscript 
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Corrosion of Steel Pilings in Soils’ 
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Steel pilings have been used for many years as structural members of dams, floodwalls? 


bulkheads, 


and as load-bearing foundations. 
evaluation of the material after long service has been made. 


While its use is presumably satisfactory, no 
In cooperation with the Ameri- 


can Iron and Steel Institute and the U.S. Corps of Engineers, the National Bureau of Stand- 
ards has undertaken a project to investigate the extent of corrosion on steel piles after many 


years of service. 


Results of inspections made on steel pilings which have been in service in various under- 
ground structures under a wide variety of soil conditions for periods of exposure up to 40 


years are presented. 


In general, no appreciable corrosion of steel piling was found in undisturbed soil below 


the water table regardless of the soil types or soil properties encountered, 


Above the water 


table and in fill soils corrosion was found to be variable but not serious. 
It is indicated that corrosion data previously published by the National Bureau of 
Standards on specimens exposed under disturbed soil conditions do not apply to pilings 


which are driven in undisturbed soils. 
1, Introduction 


Steel pilings have been used underground for many 
years to transmit loads to lower levels or to resist 
ateral pressures due to earth and water. Pipe- 
and H-piles are used as load-bearing foundations for 
the first purpose; sheet piles are used as structural 
members of dams, floodwalls, bulkheads, and other 
installations for the latter purpose. While its use 
is presumably because no structural 
failures have been attributed to the corrosion of 
underground piles, there is considerable concern 
that damaging corrosion might occur on steel piles 
driven in different soil environments. This concern 
is enhanced by the corrosion that occurs in disturbed 
soils on actual structures, and by the results of 
corrosion investigations of the type conducted by 
the National Bureau of Standards [1],? in which 
corrosion of iron, steel, and other metals in different 
soil environments has been observed to range from 
a negligible rate to a very high rate. 

As a basis for more accurate estimates of the useful 
life of steel pilings in soils, the National Bureau of 
Standards, in cooperation with the American [ron 
and Steel Institute and the U.S. Corps of Engineers, 
has undertaken a project to investigate the extent of 
corrosion on steel piles after many years of service. 

Excavations to depths of 15 ft were made adjacent 
to various floodwall and dam structures along the 
Mississippi River to expose sheet steel pilings which 
have been in service from 7 to 20 yr. Soil samples 
and sections of the piles were returned to the labora- 
tory for further study. The extraction of steel 
sheet and H-piles from other locations permitted 
examination of the entire leneth of piles at greater 
depths and for exposure periods up to 40 yr. 


satisfactory 


1 A paper presented at the Soil Mechanics and Foundations Division, American 
Society of Civil Engineers Convention at Houston, Texas, February 22, 1962 
2? Figures in brackets indicate the literature references at the end of this paper. 


In this paper are presented the results obtained to 
date from the inspections of steel pilings. The in- 
vestigation will be continued by additional inspec- 
tions of pilings in other parts of the country in 
order to cover a wider range of soil environments. 


2. Literature Survey 


Although many references pertaining to! the 
behavior of steel piling have been made in“ the 
literature during the past years, no systematic 
evaluation of the material after long service in soils 
has been made. Many of the reports make general 
statements without giving much or any information 
regarding the history of the structure or actual 
measurements relating to the condition of the piles 
examined. 

Statements regarding the underground corrosion 
of steel piles are made in two texts on substructure 
design. Andersen [2] indicates that corrosion is not 
a serious problem when steel piles are completely 
below ground-water level but it must be guarded 
against where sea water is present, where ground 
water has a high salinity, or where the piles are 
subject to alternate wetting and drying. Hool and 
Kinne [3] state that the amount of corrosion on steel 
pipe piles in the ground is negligible. Piles that 
have been in the ground for over 25 yr have shown 
upon removal that corrosion did not penetrate more 
than \%, in. into the metal. They also report that 
corrosion is slight on sheet pile below ground-water 
level. 

Mason and Ogle [4] inspected 
steel pile foundations in bridge structures in Ne- 
braska. They found little, if any, corrosion at depths 
greater than 18 in. below the stream bed or ground 
water level. It was estimated that the decrease in 
section due to corrosion had not been more than 1 
percent in 20 yr, except in an area where the soils 
are saline to a marked degree. In that locality 


a large number of 
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several steel foundations showed a loss of section of 
about 2 to 2.5 percent. 

The Harbor Commissioners of 
concluded from examination 
sheet pile in the St. Charles River that steel buried 
in sand or ground or submerged in water, is less 
exposed to damage by corrosion than when exposed 
to the air. The examination in soil was limited to 
one sample of the pile which was 2 ft below ground 
surface. The sample was covered with a heavy 
crust of rust and difficult-to-remove corrosion prod- 
ucts. After cleaning by sand blasting a good state 
of preservation was evident. 

The Los Angeles Department of Engineering [6] 
removed some 39-yr-old piers which consisted of 
concrete cast in 4-ft diam cylindrical shells made of 
steel plates. Forty-one feet of the cylinders were 
below ground, the lower 11 ft below the ground- 
water level and the upper 30 ft in dry sand and 
gravel, part of which was wet occasionally. Some 
pits having a maximum depth of 5 in. were observed 
on the shell below ground water. Slightly more 
pitting was found in the zone above ground-water 
level; the average depth of the pits was again about 
Y. in. 

It was found on examination of steel sheet piling 
which was removed after exposure for 19 yr from 
a bridge over the Monongahela River at Pittsburgh 
[7] that the zone between the water line to 2 ft 
below showed a 15-percent reduction in weight. 
The zone extending from 2 ft below the water line 
to and below the mud line was practically unaffected 
by corrosion. It was pointed out that during most 
of the year the river contained some free sulfuric 
acid. 

In a report concerned with a study of the expected 
life of steel H-piling and thin wall cylinder piling 
under highway structures in the Texas Gulf Coast 
area, Gallaway [8] concluded that, with the e »*xclusion 
of muck and peaty soils, steel piling driven in 
ordinary soil to a point below the water table should 
suffer very little corrosion except in the zone ex- 
tending not more than 2 or 3 ft below the soil-water 
interface. Gallaway does not provide actual data 
to support the conclusion, nor does he indicate the | 
extent of corrosion encountered in soils of muck and | 
peaty materials. 

Greulich [9] described the condition of a 12-in. 
72-lb H-pile after exposure for 12 yr to a depth of 


TABLE 1. 


Quebec City [5] 
of a 16-yr-old steel 


Boston Puget Sound 


Min « Avg Min Avg 


Years in service 


» Piling coated with bituminous material. 

b Avg—average based on weight loss 

¢ Min 
zone, 


San Diego 


minimum based on thickness measurements on the thinnest section of test sample. 


72 ft through various layers of sand and clay in the 
Texas Harbor at Houston. Calculations based on 
examination of a section of the pile between 1 and 2 
ft below the mud line indicate that it would take a 
minimum of 85 yr for corrosion to reduce the thick- 
ness of the pile to the extent that it would not 
permit a safe design load of 17,000 psi (65-ton 
service load) when acting as a fully supported 
column. Greulich also reported on the excellent 
condition of a 122-ft length of H-pile which was 
extracted 17 yr after installation at Bonnet Carre 
Spillway in Louisiana. A discussion of the condition 
of this pile from data made available by the Lower 
Mississippi Valley Division of the Corps of Engineers 
will be given in a following section of this paper. 

Steel piles which extended from 3 ft below the 
mud line into the atmosphere above the tidal range 
were exposed at six naval harbors for periods ranging 
from 13 to 27 yr [10]. At each of the sites the piles 
corroded at a higher rate in a zone located above the 
mud line than at the mud line level and below. The 
greatest corrosion generally occurred in the area 
of the splash zone above the high-water mark. 
The averages of the original pile thicknesses and 
the extent of maximum corrosion on the piles at 
and below the mud line are shown in table 1. The 
corrosion rates at the 1- and 3-ft levels (below the 
mud lines) varied only slightly from those which 
occurred at the mud line, except at San Diego where 
a high corrosion rate was found 3 {t below the mud 
line. This was attributed to local conditions which 
produced a lower pH in this level or to oxygen- 
concentration cells. 

Lipp [11] observed from a survey of sheet steel 
pile bulkheads at Miami Beach that the steel below 
the sand line was in practically the same condition 
as the day it was installed, 8 yr previously. A 14 
percent loss in piling thickness was observed in the 
areas exposed above the sand line. 

The Beach Erosion Board of the Corps of Engineers 
[12, 13] conducted extensive investigations on the 
deterioration of sheet pilings in such shore structures 
as jetties, groins, harbor, and beach bulkheads. In 
a report [12] pertaining to the behavior of %-in. 
steel pile groins at Palm Beach, Fla., it was shown 
that the average rates of loss in steel thickness of the 
parts not exposed to sand abrasion are relatively 
moderate, being about 0.011 in./yr for atmospheric 


Thickness (percent of original) of piling after exposure at naval harbors |10] 


Harbor location 


Norfolk Pearl Harbor * Coco Solo * 


Min Avg Min Avg Min Avg Min 


This represents the maximum corrosion in the specified 
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exposure, 0.005 in./yr for wetting and drying ex- 
posure, and 0.001 in./yr for subsand exposure. It 
was estimated that the time required for the perfora- 
tion of %-in. steel would be, respectively, 34 yr, 75 
yr, and 375 yr. In the abrasion zone, the steel lost 
an average thickness of 0.117 in./yr. 

Rayner and Ross [13] issued a comprehensive re- 
port on the durability of sheet steel pilings in 94 
structures which have been in service for various 
periods up to about 25 yr along the Atlantic Coast 
and the Gulf Coast of Florida. Comparison of rates 
of loss of thickness for steel piles used in the bulkheads 
indicates that lack of backfill for all or part of the 
time greatly increased the rate of loss. For beach 
bulkheads the rate of loss rapidly decreased as the 
sand cover increased. For groins and jetties the 
rates of loss were uniformly high except for those 
covered on both sides. It was concluded that sand 
or earth cover materially decreased the loss of thick- 
ness of steel piles used in shore structures, the rates 
of loss for all practical purposes being negligible for 
pilings covered on both sides. Four groups of piles 
were pulled from moderately polluted sea water lo- 
cations during the period of investigation, three of 
the groups located at Miami, Fla., which have been 
in service for 10 yr, and one group which had been 
in service for 18 yr at Stamford, Conn. Approxi- 
mately 10 ft of the piles were driven below the ground 
line. The average annual rates of loss of thickness 
of the piles varied between 0.0009 and 0.0022 in. at 
the four sites. The maximum rate, which generally 
occurred within the zone 2 to 3 ft below the ground 
line, was 0.003 in./yr. 

Bjerrum [14] made measurements on steel piles 
which were pulled from three locations in Norway. 
Observations on a 17-ft length of pile which was 


driven 17 yr prior to inspection in a silty clay having | 


a resistivity between 2,000 and 4,000 ohm-cm showed 
an attack less than 0.003 in. Another 17-ft pile was 
pulled after exposure for 18 yr in aclay soil of marine 
origin. In spite of the low resistivity of this soil, 
50 ohm-cm, the corrosion varied from 0.01 to 0.02 in. 
The third pile, exposed to a low resistivity marine 
clay for 6.5 yr, showed maximum corrosion of 0.10 
in. which corresponds to an average rate of more 
than 0.01 in./yr in a 6-ft zone located between 11 
and 17 ft below the ground line. Corrosion above or 
below this zone on the remaining pile areas did not 
exceed 0.02 in., or a rate of 0.003 in./yr. No mention 
is made of the water line elevation at any of the 
locations where the Norwegian piles were pulled. 
The writer, in view of his experiences in the exami- 
nation of steel piles. suggests the possibility that the 
accelerated attack, reported by Bjerrum on the third 
pile, may have occurred in a water table zone. 


3. Inspection Procedure 


3.1. Piles Extracted From Location 
Steel H-piles were pulled from two locations and 
steel sheet piles were pulled from six locations. The 
writer participated in all inspections on the pilings 
with the exception of the H-pile extracted from the 
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Bonnet Carre Spillway. The data pertaining to the 
latter inspection were obtained from the files of the 
Corps of Engineers, U.S. Army Division, Lower 
Mississippi Valley. 

After the soil and corrosion products were cleaned 
from the pile surface by utilizing wire brushes and 
scrapers, the extent of corrosion was determined by 
visual observation, pit depth measurements made 
with micrometers, and thickness measurements made 
with calipers. 

Pile sections pulled from the Ouachita River Dam 
and Lock No.8, the Grenada Dam Spillway, the Sardis 
Dam Spillway, and the Lumber River Cofferdam 
structure were shipped to the National Bureau of 
Standards. These were cleaned by sandblasting to 
permit a more comprehensive examination of the 
pile surfaces in the laboratory. 

The results of all the inspections of the extracted 
piles are given in section 4.1. 


3.2. Piles Inspected in Excavated Test Holes 


At locations where it was not possible to pull the 
piles without disturbance to the existing structure, 
test holes were excavated adjacent to the sheet steel 
pilings to expose a width of piling at each location. 
At the start of the investigation it was planned to 
expose the pilings to a maximum depth of 15 ft 
from the surface, but at most locations the water 
table did not permit excavating to this depth. 

Two excavations were made at each of four Corps 
of Engineers structures and one excavation at each 
of three Corps of Engineers structures to examine 
sheet steel pilings which have been in service in a 
variety of soil environments. 

The soil and corrosion products were removed 
from the exposed piling by wire brushing and 
scraping. The condition from the top of the piles 
to the depth of excavation was determined by visual 
observation and pit depths were measured. 

A portion of the pile web, approximately 1 ft by 
2 ft, was cut from the area that showed the maximum 
amount of corrosion at each location. The removed 
portions were shipped to the Vicksburg District 
Foundation and Materials Branch Laboratory of 
the Corps of Engineers, and then to the National 
Bureau of Standards for further examination. 

The results of examinations made on the piles in 
the excavated test holes are given in section 4.2. 


3.3. Soil Characteristics and Properties 


Determinations of the soil types for the different 
horizons at the locations where piles were pulled 
were made from soil samples adhering to the walls 
of the pilings. Toserve as an additional check on the 
soil types, engineers in charge of the structures pro- 
vided soil boring data for the excavations at Bonnet 
Carre Spillway, Grenada Dam Spillway, Wilmington 
Marine Terminal, and Sparrows Point. Soil sam- 
ples removed from the pile surfaces were shipped to 
the National Bureau of Standards laboratory for 
measurements of soil resistivity and pH; at some 
locations, where shown in section 4, soil resistivity 
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determinations were made at the site with Shepard 
Canes or by the 4-pin method. 

Determinations of the soil type at the sites where 
test holes were excavated adjacent to the pilings 
were made by visual inspection from the surface to 
the floor of the pit. Soil resistivities were measured 
at different levels by inserting Shepard Canes in the 
walls and floor of the excavation. Additional soil 
resistivity measurements were made at each site by 
the 4-pin method at 10-ft, 20-ft, and 30-ft pin 
spacings to give the average resistivities of the 
volume of soil from the surface to the depths corre- 
sponding to the respective spacings. The latter 
were made at the time of the pile inspection and at 
approximately 15 day intervals thereafter for a 
period of 7 months. The 4-pin resistivity measure- 
ments tabulated in section 4 represent an average of 
the many determinations. 

During excavation of the test holes, samples of 
undisturbed soil, each sample having a volume of not 
less than \ ft,’ were taken at different depths; 
chemical and physical properties of the samples 
were determined at the Waterways Experiment Sta- 
tion Laboratory. Additional samples of the same soils 
collected in tightly sealed pint jars were shipped to 
the National Bureau of Standards for laboratory 
measurements of pH and resistivity, the latter cor- 
rected to 70 °F. Data pertaining to the soil type, 
resistivity, and pH are given with the inspection 
results for each location in a following section. 
Other physical and chemical properties of the soils 
at the elevation from which portions of the pilings 
were removed are listed in table 2. 


3.4. Thickness Measurements 


lhe average thickness measurements reported for 
the extracted piles represent an average of many 
measurements made by means of calipers in the pile 
zone indicated, and takes into account corrosion on 
the two sides of the pile surface. 

Average thickness measurements on the piles in- 
spected in the test holes were confined to the 1 ft 
by 2 ft pile samples which were removed and shipped 
to the laboratory. After cleaning by sandblasting, 
the three most corroded 1-in.? areas were selected on 
ach sample showing significant corrosion. Each 
area was divided into 25 sections on both sides of the 
pile sample and the pit depths in each section were 
determined. The sum of the average of the 25 pit 
depths on the two surfaces of each area was used to 
calculate the average reduction in pile thickness at 
the base of the pits.’ These values actually repre- 
sent the average on tion in pile thickness of the 
most corroded areas, | in.’ in size, on the piles. 


4. Results of Inspections 


Historical facts pertaining to the steel pilings of 
various structures, the characteristics of the soils, 
and the condition of the piles are presented herewith 
for the piles inspected after extraction from the soil, 
and for those inspected in the test holes, respectively. 


Hereafter the reduction in thickness refers to this limitation, 





4.1. Extracted Piles 


a. Bonnet Carre Spillway, New Orleans, Louisiana 


History: 

A 12-in., 65-lb, test H-pile was driven to a depth 
of about 122 ft below natural ground surface in a 
swamp near the river side toe of the west approach 
ramp to the Airline Highway Bridge across Bonnet 
Carre Spillway. 

Date pile driven: 1933 
Date pile pulled: 1950 
Age of piling: 17 years 
Piling exposed: Elevation +2.0 to —120 
Ground line at +2.5 ft; water line at 0 ft 
Soil characteristics: | 
+2.5 to —7 ft: Soft dark gray organic silty clay. | 
7 to —40: Very soft dark gray highly organic | 
| 
| 
| 





ft msl.* | 


clay and silt layers with few thin layers of peat and 
few thin layers of fine gray sand. 
—40 to —62: Very soft dark gray clay and silt 
layers, slightly organic. 
62 to —67: Dense yellowish brown silty sand | 
with hard clay layers at bottom. 
-67 to 120: Light bluish 
hard at top, very stiff at bottom. 


plastic clay, 
| 


gray 


Soil resistivity and pH 


“levation Resistivity 


| sand. 


b. H-Piles at Sparrows Point, Maryland 
History: 

In 1942, several 14-in. H-piles having an average 
flange thickness of 0.55 in. were driven at the Spar- 
rows Point Plant of the Bethlehem Steel Company 
for test purposes. The American Iron and Steel In- 
stitute arranged with the Bethlehem Steel Company 
to extract two of the piles and to permit the writer 
to inspect and report on the condition of the piles as 
part of this investigation. The piles were 139 ft in 
length, 136 ft of which was driven below the ground 
line. The two piles were separated by a distance 


| of 100 ft. 


Date piles driven: 1942 

Date piles pulled: November 1960 

Age of piling: 18 years 

Piling exposed: Elevation +13 to —126 ft. 
line at +10 ft. 

Soil characteristics: 
This area was originally a peninsula surrounded by 


Ground 


| shallow water and marsh which was filled to about 


elevation +10 ft with slag and cinders. 
10 to 0 ft: Slag and cinder fill with some fine 

Water line at +7.0 ft for pile No. I-S, and 

+-6.4 ft for pile No. II-S. 
0 to —10: Natural soil starts at 0 ft. Light gray 
silty clay containing appreciable sand, underlain by 
a stiff brown silty clay and marbled gray clay. 
10 to —25: Light brown sandy silt to a soft 

dark gray silty clay at —15 ft. 

~25 to —90: Transition from brownish to dark 


at 


| gray silty clay mixed with peat and organic matter 


Ohm-cem 
920 (4-pin) - 
,050 (4-pin) 
960 (4-pin) 


540 (4-pin) —- 
840 (4-pin) 
770 (4-pin) 


160 
800 
680 


(4-pin) 
(4-pin) _- 
(4-pin) - 


700 (Shepard Canes) 
750 (Shepard Canes) 
400 (Laboratory) 

400 (Laboratory) ——_.-- 


Condition o} pile : 

The space between the flanges of the pile was 
completely filled with soil and a layer of soil adhered | 
to the outer edges of the flanges. Examination | 
after cleaning showed no measurable corrosion. 
Mill scale was intact over almost the entire surface 
except for the 3-ft section in the area of the water 
table between elevation +1.5 and —1.5 ft. In this 
zone a crust of light colored hard substance coated 
the metal. Slight metal attack was found under 
the crust. 


4 msi refers to mean se All elevat 


unless otherwise noted. 


ion values in the paper refer to msl, 


at some levels. 
—90 to —95: Dark brown silt underlain by fine 
brown sand. 
—95 to —110: Transition from sand of different 
textures to dark brown silt. 
110 to —120: Coarse brown sand and gravel 
and some fine gray sand. 
120 to —126: Brownish and gray stiff clay. 


Soil resistivity and pH 


Pile No. Elevation Resistivity 


Ohm-cm 
2, 500 | 
5, 100 | 
, 410 
, 820 
3, 000 
500 


IO Onl 


w 


i POO > 


*Laboratory measurements made on soil samples taken from extracted pile. 
All other measurements made on soil sample borings obtained 1 {t from pile. 
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Condition of pile i 


The pattern and amount of corrosion on the two 
piles were about the same. Corrosion was confined 
to two areas. One area extended from the top of the 
piles, which was above ground level, and extended 
through the zone exposed to the cinder and slag fill 
in the water table zone. The other corroded area 
occurred between elevations —115 to —118 ft where 
the piles passed through a sand and gravel bed. 

Pile II-S was cleaned by sandblasting prior to 
examination, and pile I-S was cleaned with scrapers 
and wire brushes. Except as noted otherwise, the 
corrosion measurements reported are the maximum 
observed on the two piles. 

13 to +8 ft: Shght uniform corrosion and iso- 
lated pitting. Maximum depth of pitting, 35 mils. 
At least 50 percent of the mill scale was intact. 
Maximum reduction in flange thickness, 3 percent. 

+8 to +6: This is the zone showing the maximum 
corrosion on both piles. The water line was at +-7 ft 
for pile I-S, and at +6.4 ft for pile II-S. The mill 
scale was practically entirely removed; uniform cor- 
rosion and many pits were present. Most of the 
pitting occurred within the 1-ft area above and below 
the water line. The two maximum pit depths meas- 
ured on pile I-S were 112 and 90 mils, a few pits were 
found between 60 and 75 mils, and other pits less 
then 60 mils in depth. On pile II]-S, there were 10 
pits between 55 and 72 mils in depth and other pits 
less than 50 mils in depth. The flange surfaces were 
more severely attacked than the web surfaces. 

Measurements made on the flange within 1-ft of 
the water line showed that the original cross section 


of pile I-S was reduced by an average of 29 percent. 
For pile II-S, the average reduction was 14 percent. 


. me ba oe 
Fiacure 1. 
between elevations 


110 and —126 ft. The pile was cleaned by sandblasting. 


The reduction in pile thickness due to corrosion 
tapered off rapidly as the distance away from the 
water line was increased. The average reduction 
in flange cross section on the zone between 1 ft and 
2 ft below and above the water line was 2 to 3 
percent. No perceptible reduction in flange thick- 
ness was noted 4 ft above or below the water line. 

+-6 to —4: Mill scale intact over 90 percent of the 
pile surfaces. Negligible metal attack and local- 
ized pits which were less than 20 mils in depth, 
except for a few pits between 20 and 31 mils. 

—4 to —11: Slight metal attack in a 4-in.’ area 
with a maximum pit depth of 18 mils on pile II-S 
only. Mill scale intact over 95 percent of surface. 

—11 to —115: No measurable pit depths. Mill 
scale intact over 95 percent of surface. 

—115 to —118: At this depth the piles passed 
through a sand and gravel stratum. The steel 
surfaces were uniformly corroded and contained 
many localized pits which generally ranged in depth 
up to 50 mils; 12 pits measured between 50 and 65 
mils and 2 pits had depths of 80 and 95 mils. The 
average reduction in flange thickness measured 9 
and 4 percent, respectively, for pile I-S and for 
pile II-s. 

—118 to 


—126: Practically unaffected by cor- 
rosion. 


Mill scale more than 95 percent intact. 
Figure 1 shows the condition of pile II-S at three 
different levels. 


c. Corps of Engineers, Dam and Lock No. 8, Ouachita River, 
Arkansas 
Hi story 


An end pile was pulled from the upstream abut- 
ment wall of the Corps of Engineers, Dam and Lock 


| No. 8 on the Ouachita River near El Dorado, Ark. 


Sections of the 139-ft H-piles pulled from Sparrows Point, Maryland, after exposure for 18 years. 
Left, water table zone consisting of fill material; center, clay soil stratum at about elevation 


30 ft; and right, coarse sand and gravel stratum underlain by clay 


Note the excellent condition of the butt weld at the splice in the center photograph, 
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The pile was a shallow-arch sheet pile having a 15-in. 
driving width, and a web thickness which varied 
from 0.45 in. at the center to 0.67 in. near the edges. 
The length of the pile was 15 ft, the top 2 ft of which 
was embedded in a concrete cap. 
Date pile driven: 1921 
Date pile pulled: June 1961 
Age of piling: 40 vears 
Piling exposed: Elevation 67.5 to 52.5 ft. Ground 
line at elevation 78.5 ft; water line at 76.5 ft. The 
top of the pile was encased in concrete to elevation 
65.5 ft. 
Soil characteristics: 

78.5 to 76.5 ft: Silty clay fill with some organic 
material. 

76.5 to 64.5: 
cent sand. 

64.5 to 60.5: Stiff blue clay containing about 10 
percent sand. 

60.5 to 52.5: Very stiff blue clay containing about 
2 to 3 percent sand. 


Blue clay containing about 40 per- 


Soil resistivity and pH 
Elevation 


Resistivity 


ft 
.5 (Surface 


Ohm-cm 
2,900 (Shepard Canes) 
3,200 (Laboratory) 
1,540 (Laboratory) 
1,540 (Laboratory) 


Condition of pile 

The entire length of the pile was driven below the 
water table. Corrosion was confined to a 2-ft sec- 
tion on the river side of the pile between elevation 
59.8 to 61.8 ft. Pitting occurred in 11 places, 
each about 1 in.’ in area, along the fingers of the pile. 
The maximum pit depth was 26 mils and others 
ranged up to 22 mils. Several pits having a maxi- 
mum depth of 20 mils were found in a 3-in’. area in 
the center of the web. Ninety percent of the mill 
scale was intact in this moderately corroded zone. 
At least 95 percent of the original mill scale was 
found to be intact on the remaining areas of the pile, 
and no measurable pits or corrosion beyond the mill 
scale was observed. Based on the maximum pit 
depth, the total loss of pile thickness in the cor- 
roded zone could not exceed 5 percent of the original 
pile thickness. 

The portion of the pile which contains the meas- 
urable pits is shown in figure 2. 


d. Grenada Dam Spillway, Grenada, Mississippi 
History: 

A type A sheet pile was pulled for examination 
from the end of the north upstream wingwall of the 
Grenada Dam Spillway at Grenada, Miss. The pile 
was 14 ft in length, had a driving width of 19% in. 
and a thickness of *% in. 

Date pile driven: October 1948 
Date pile pulled: July 1960 


| 
| 
| 
| 
| 


FiaureE2. Sandblasted 3-ft section 
from the 40-year-old piling extracted 
from an abutment wall in the Corps of 
Engineers Dam and Lock No. 8 on 
the Ouachita River near El Dorado, 
Arkansas. 
The section was exposed about 18 ft below 
the ground line and it is the only portion of the 
pile which contained pits of measureable depth. 
The maximum pit was 26 mils in depth 
Age of piling: 12 vears 
Piling exposed: Elevation 251.5 ft to 237.5 ft; ground 
elevation at 256 ft, water table much below the 
bottom of pile. 
Soil characteristics: 
256.0 to 250.5 ft: Fill soil, reddish brown sandy 
loam. 


Soil resistivity and pH 


Elevation Resistivity 


ft Ohm-cm 
256 to 246 11,700 (4-pin) 
15,400 (4-pin) - 
13,900 (4-pin) -- 
256 to 236 4-pin) __-- 
4-pin) __ 
4-pin) -- 


4,600 ( 
9,600 
6,900 | 


256 to 226- 1,300 
7,300 


6,200 


(4-pin) _- 
(4-pin) - - 
(4-pin) - - _ 
2,800 (Shepard Canes) _--- 
4,000 (Laboratory) ~~ ---- 
4,000 (Laboratory) : 
3,800 (Laboratory) _._---- 





Figure 3. Sections (1.5 ft by 1 ft) cut from a piling which was pulled from the north upstream 
wingwall of the Grenada Dam Spillway at Grenada, Mississippi, after erposure for 12 years. 


Sections were cleaned by sandblasting. 
D103A, section of pile exposed to fill soil 
1) 103B, section of pile exposed to natural soil 


250.5 to 246.6: Fill soil, tan silty sand. 

246.5 to 244.5: Natural soil layer, grayish blue 
fractured shale. 

244.5 to 237.5: Transition from light brown to 
gray clay. Gravel and dark gray shale intermingled 
throughout horizon. Many fine roots present. 
Condition of pile: 

251.5 to 246.0 ft: Many scattered pits up to 50 
mils in depth. Seven pits measured between 68 and 
80 mils, and two pits 88 and 122 mils in depth. 
Pits were of similar depth on both sides of the pile, 
but much less numerous on the side facing the 
spillway. About 50 percent of the mill scale was 
intact on the spillway side and 10 percent on the 
other side. The reduction in cross section of the 
three most corroded areas measured between 6 to 8 
percent of the original wall thickness. 

246.0 to 244.0: No measureable pits beyond the 
thickness of the mill scale (8S mils) were found in this 
zone. About 50 percent of the mill scale was intact 
in this area. 

244.0 to 237.5: About 75 percent of the mill scale 
was present over the surfaces in this zone. No 
measurable pits were found except two at elevation 
241.0 ft which were 13 mils in depth. The average 
wall thickness of a 17 22 in. section removed from 
this zone was 0.37 in. after cleaning by sandblasting. 

Sections of the pile which were exposed to the fill 
and natural soils are shown in figure 3. 


e. Sardis Dam Outlet, Sardis, Mississippi 
| History: 


A 3.5 ft length of steel sheet piling was cut from a 
length of pile pulled from the Sardis Dam Outlet 
channel on the Little Tallahatchie River near Sardis, 


| Miss. The arch-type pile had a driving width of 
19% in. and a wall thickness of *% in. 
Date pile driven: Early 1939 
Date pile pulled: October 1959 
Age of piling: 20.5 years 
Piling exposed: Elevation 190.5 to 187 ft 
Surface elevation: 194.5 ft 
Water table elevation: Above 194.5 ft. 
| Soil characteristics: 
194.5 to 190.5 ft: Riprap fill. 
190.5 to 189.5: Gravel bed. 
189.5 to 187: Black lignitic clay with layers of 
sand. 


Soil resistivity and pH 
Resistivity 


Elevation 


Ohm-em 
610 (Laboratory) -- - ~~ - 
1,690 (Laboratory) - - -- 





Condition of piles: 

Metal attack occurred in the form of uniform 
corrosion and general pitting over most of the sur- 
face. The section exposed to the gravel bed above 
elevation 189.5 ft showed a 19 percent reduction in 
cross section, and maximum depth of pitting up to 
60 mils. The average thickness of the pile section 
exposed to lignitic clay below elevation 189.5 ft was 
reduced by 11 percent; the pit depths ranged up to 
30 mils. 


. Chef Menteur Pass, New Orleans, Louisiana 


History: 

In connection with construction work on the 
Simpson-Long Bridge across Chef Menteur Pass on 
U.S. Highway 90, about 11 miles west of New 
Orleans, it was necessary to pull about 60 tons of 
sheet steel pilings. The pilings formed a retaining 
wall for the abutment of the bridge. The sheet piles 
were 33 ft in length, arch type with a driving width 
of 19% in., and a thickness of * in. at the center of 
the web. 

Date piles driven: 1929 

Date piles pulled: 1961 

Age of piling: 32 vears 

Piling exposed: +6 to —27 ft: 
3+1 ft in atmosphere; +-3-+1 ft to 0 ft (mud line) 

in brackish salt water. Soil side, +6 to +4 ft in 

atmosphere; ground line at +4 ft. 


Water side, -+6 to 


Soil characteristics: 
+4 to —4 ft: Light gray loose silty sand. 
4 to —27: Very tight gray clay. 


Soil resistivity and pH 


Klevation Resistivity 


Ohm-cm 
140 ( Laboratory 
300 (Laboratory) - 
330 (Laboratory 


Condition of pile a: 

Detailed examination of four lengths of pilings 
showed that the degree and pattern of corrosion 
were similar. The condition of the pile exhibiting 
the maximum amount of corrosion is reported here- 
with. Both sides cf the top 4 ft sections of the piles 
were coated with a protective aluminum-type paint 
and an undercoat of red lead. 

Water side: 

+6 to +4 ft: 
corrosion. 

+-4 to +2: 


Paint was intact, unaffected by 


Rust and slight metal attack, two pits 
measured 23 and 38 mils in depth, other pits about 
10 mils. 

+2 to 0: Thick crust of corrosion products on 
the finger interlock edge between 25 and 40 mils 


| of surface. 


| surface. 


Soil side: 


| measurable pits greater than 10 


thick, localized pitting and metal attack beneath 
the crust, some pits between 40 and 50 mils in depth. 
Thin layer of corrosion products on flanges, web 
and thumb interlock with pitting less than 10 mils 
in depth, except for a few pits between 25 and 60 mils 
on one side of the flange at 1 ft. Mill scale almost 
completely removed from this zone. 

0 to —1: Metal attack and slight pitting (less 
than 10 mils) on interlock only. 

1 to —14: Mill seale intact over 95 percent 
Flanges and webs unaffected by corro- 
sion. Slight metal attack and three scattered pits 
(maximum depth, 70 mils) on finger interlock at 

ll to —12 ft. 

14 to —17: Metal attack and 6 pits ranging in 
depth between 60 to 145 mils along finger interlock. 
Two pits (65 and 70 mils) on thumb interlock. No 
measureable pits on web or flange. Mill scale intact 
over 80 percent of surface. 

17 to —19: Slight metal 
intact over 80 percent of surface. 

19 to —20: Mill seale intact over 75 percent of 
surface. Four pits between 33 and 88 mils in depth 
on the thumb interlock and flange; two pits, 95 and 
58 mils in depth, on other flange. 

20 to —27: Mill scale intact over 90 percent of 
Only two measurable pits, 80 and 104 mils 
in depth, at —26 ft on finger interlock. 


attack, mill seale 


+6 to +4 ft: Uniform thin layer of rust, no 


| measureable pits. 


+4 to 0: Uniform layer of rust and scale over 
surface to a thickness of 40 mils. No measureable 
pits. 

0 to —27: Metal attack in many areas. About 
75 percent of surface covered with mill scale. No 
mils except at 
elevation —24 ft where a few pits were found on the 
finger interlock of one pile. Maximum pit depth, 
25 mils. 

g. Wilmington Marine Terminal, Christiana River, Delaware 
History: 

Four hundred and thirty two uncoated steel 
interlocking-arch-type piles, with a driving width 
of 19% in. and an average web thickness of % in. 
were pulled by the Wilmington Harbor Commission 
from a pile jetty which was used as a shoring along 
the banks of the Christiana River. The piles were 
pulled in preparation for extension of the dock. 
The piles were 60 and 100 ft in length. Each ninth 
pile was driven 100 ft to serve as an anchor. The 
100 ft piles consisted of a 60 ft section welded to a 
40 ft section. 

Date piles driven: 1937 
Date piles pulled: 1960 
Age of piling: 23 years 
Piling exposed: Elevation +10 to —90 ft for 100 ft 
lengths; +10 to —50 ft for 60 ft lengths. River 


| side, top 10 ft of pile exposed to water or atmosphere. 


Land side, top 4 ft of pile exposed to water or 
atmosphere. 
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Soil characteristics: 

+6 to 0 ft: Cinder fill. 

+2 to +1: Water table at low tide. 
is nonbrackish fresh water. 
it. 

0 to —48: Soft black organic silt. 

—48 to —86: Black organic silt with some fine 
sand and clay intermingled. 

—86 to —88: Fine brown silty sand, trace of mica. 

—88 to —91: Gray to brown coarse sand and river 
gravel. 
—91 to —114: Sand and silty sand underlain by 
clay. 


River water 
Mean low water at 0 


Condition of piles: 

Seven full lengths and the interlock edges of 70 
piles were inspected. All the piles were in excellent 
condition from the mud line (elevation 0 ft where the 
natural soil starts) down to the bottom of the piles. 
The piles are to be reused in the new dock structure 
at the same site. 

10 to 0 ft: Moderate corrosion on surfaces 
exposed to water and the atmosphere on the river 
side, and to cinder fill, water and atmosphere on the 
land side. Surfaces were uniformily corroded, the 
original thickness of the piles being reduced by an 
average not exceeding 10 percent. Widely scattered 
pits present; most of the pits had depths less than 
75 mils, but a few had depths between 75 to 150 
mils. 

0 to bottom of piles: Accumulation of slick clay 
over most of the surface. No measurable pits. 
Mill scale intact over more than 90 percent of the 
surfaces. 





| on the excavated side of the cofferdam. 


Soil characteristics: 
0 (ground line) to —8 ft: Gray fine sandy loam. 
—8 to —14: Bluish-gray plastic silty clay. 
—14 to —17.5: Gray-black fine sandy loam con- 
taining appreciable gravel. 


Soil resistivity and pH 


Elevation Resistivity 


Ohm-cm 
1, 240 
1, 100 
4, 900 


Condition of pile e; 

Visual inspection of the pilings revealed that they 
had all corroded to about the same extent. A 
section of the cofferdam consisting of two full 


lengths of piles and a corner angle was shipped to 


the laboratory for further examination. 

Practically no mill scale remained on the pile 
surfaces in the zone extending from 3 ft below the 
ground line to the top of the piles. In the lower zones, 
approximately 20 percent of the mill scale was 
intact. 

Thin concrete deposits were found on the surfaces 
where the steel had been in contact with concrete 
There was 
a thick scale of rusted corrosion products and soil 


| over the entire surface exposed directly to the soil 


environments. The scale was flakey and easily 


| removed by scraping. 


h. Lumber River Near Boardman, North Carolina 


History: 

The North Carolina State Highway Department 
extracted 120 piles which formed a rectangular- 
shaped cofferdam for a bridge support over the 
Lumber River near Boardman, N.C. The structure 
was removed in connection with road improvements 
which required replacement of the old bridge. 

The steel piles were 20-ft lengths of interlocking 
I-beams having a driving width of 8 in. and a wall 
thickness of 0.25 in. The corners of the cofferdam 
consisted of steel angles to which interlock sections 
of pilings were attached by steel rivets, spaced 9 in. 
apart. 

Date piles driven: 1921 
Date piles pulled: December 1958 
Age of piling: 37 years 


Piling exposed: 2.5 ft above ground to 17.5 ft below 
the ground line (+2.5 to —17.5 ft). The portion of | 
the piles above the ground line was subjected to | 
partial or total immersion from water of the Lumber 
River about 50 percent of the year, and to the 
atmosphere when the river was dry during the 
remaining half year. The sides of the pilings which | 
were exposed to the excavated side of the cofferdam 
were in contact with concrete, except fort he bottom | 
3 ft which was entirely surrounded by soil. 


The following conditions were observed after 
the piles were cleaned by sandblasting: 

2.5 to 0 ft: Section exposed to total or partial 
water immersion, or atmosphere. Uniform corrosion 
of surface. Measurements of the cross section in 
the top 6 in. of the piles (elevation + 2.5 to + 2.0) 
showed a minimum thickness of 0.06 in. in places. 
This represents a loss of 76 percent in the original 
pile thickness. The maximum thickness measured 
on uncorroded surfaces near the bottom of the piles 
was 0.26 in. Piles in the zone between 2.0 ft to 
the ground line showed a maximum reduction in 
thickness of 60 percent. 

0 to —0.5: This area showed an amount of cor- 
rosion similar to that on the adjacent areas above. 
The original pile thickness in this zone was reduced 
by a maximum of 40 percent, and isolated pits ranged 
in depth up to 60 mils. 

0.5 to —1.0: The pattern of corrosion in this 
zone was similar to that noted above. Maximum 
reduction in pile thickness was 36 percent. 

1.0 to —3.0: Uniform corrosion, general rough- 
ening of surface, numerous shallow pits and many 
isolated pits up to 60 mils. Maximum reduction in 
cross section was 28 percent. 

—3 to —17.5: In this zone the condition of the 
surface was similar to that described above, but was 
less severely corroded. Many isolated pits measured 
up to 30 mils in depth, and relatively few up to 60 
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mils. A maximum reduction in pile cross section of 
12 percent was noted in this zone. 

The corner angle along the entire piling section 
showed the same extent of corrosion as the I-beams. 
All rivets were uniformly corroded. The original 
contour of the rivets was intact. 

A 3-ft corner section of the piling exposed imme- 
diately below the soil line is shown in figure 4. 


4.2. Pilings Exposed in Excavations 


a. Memphis Floodwall, Memphis, Tennessee 


History: 

Excavations were made to expose pilings at two 
locations on the river side of the Memphis Floodwall. 
The walls consist of type Z 27 sheet pilings having 
an 18-in. driving width, and a thickness of %-in. at 
the web and flanges. The pilings at station 56+-14 
were given two coats of cold applied coal-tar-base 
enamel before driving, and the pilings at station 
60+ 00 were uncoated. 

Date piles driven: November 1953 
Date of inspection: March 1960 
Age of piling: 6.3 years 


STATION 56+ 14 


Piling exposed: An 8-{t width of the floodwall 
exposed between elevation 223.0 to 216.5 ft. 
Surface elevation: 228 ft 
Water table elevation: 217.5 ft 
Soil characteristics: 
228 to 223 ft: Friable brown lean clay. 
223 to 221.5: Plastic and friable gray silty clay. 
221.5 to 217.5: Plastic light brown clayey silt. 
Excessive water below 219.5 ft. 


217.5 to 216.5: Tight gray clay mixed with de- | 


composed wood. 


Soil resistivity and pH 


Elevation tesistivity 


ft Ohm-cm 
3 to 218 1,220 (4-pin) -_-- 
8,600 (4-pin) —- 
1,400 (4-pin) 
to 208_- 960 (4-pin) -- 
3,900 (4-pin) 
600 (4-pin) _- 


to 


Sto 198 


,030 (4-pin) 
,400 (4-pin) 
,850 (4-pin) _- 


w 


,900 (Shepard Canes) - 
100 (Shepard Canes) - 
240 (Laboratory) - - -- 
300 (Shepard Canes) - 
700 (Shepard Canes) 
110 (Laboratory) 

2,200 (Shepard Canes) - - 
1,000 (Shepard Canes) 


ee DON we 





was | 


Condition of piles: 

The coal tar coating was intact over the entire 
surface except at elevation 220.5 to 219.5 ft where 
the coating was damaged in an area 1-ft in vertical 
direction by 1-in. in width. The maximum depth of 
pitting of the steel exposed by the damaged coating 
was 35 mils (fig. 5). The steel beneath the rest of 
the coating was unaffected by corrosion and the mill 
scale was intact. 


STATION 60+00 


Piling exposed: An 8-ft width of the floodwall was 
exposed between elevation 222.5 and 213.5 ft. 
Surface elevation: 226.5 ft 
Water table elevation: Below 213.5 ft 
Soil characteristics: 

226.5 to 224 ft: Brown lean clay. 

224 to 222.5: Gray silty clay. 

222.5 to 218.5: Friable brown silty clay. Some 
cinders mixed with the clay between 223 and 220 ft. 

218.5 to 213.5: Friable and plastic reddish brown 
silty clay. Very impervious to water. 


Soil resistivity and pH 


Elevation Resistivity 


fl Ohm-cm 

2,180 (4-pin) 

5,700 (4-pin 

4,100 (4-pin) 
206.5 1,920 (4-pin) 
7,900 (4-pin) - 
4,200 (4-pin) 
.5 to 196.5 1,030 (4-pin)- 
2,300 (4-pin)- 
1,650 (4-pin) 


222 
221 
221 
219.5 
218.5 
217. 
214 


213.5 


3,200 (Shepard Cane 
2,500 (Shepard Canes) 
2,200 (Laboratory) 
2,600 (Shepard Cane 
2,100 (Shepard Canes) 
1,690 (Laboratory) - 
1,630 (Laboratory) - 
1,500 (Shepard Cane 


Condition of piles: 

The entire surface of the pilings was in excellent 
condition. More than 90 percent of the mill scale 
was intact. There was very slight uniform metal 
attack in small localized areas. No measurable pits 
were found on the entire surface. From elevation 
218 to the bottom of the excavated pit, the clay 
adhered very tightly to the piling. On removal, 
the soil peeled off in layers leaving free water on the 
steel surface. 

A 2 ft by 1 ft section removed from the pile is 
shown in figure 5. 
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FiGuRE 4. A 3-ft section of steel sheet 
piling exposed below the soil line in 
a cofferdam structure in the Lumber 


Boardman, North Car- 


Rive r nea 
olina 


Exposure, 37 years 


b. Vicksburg Floodwall, Vicksburg, Mississippi 


History: 

Excavations made to expose steel sheet 
pilings at two locations on the riverside of the 
Vicksburg Floodwall. The walls were constructed 
of{type Z 38 sheet piling which has a driving width 
of 18 in., a thickness of % in. at the web, and a thick- 
ness of % in. at the flanges. 


were 


Date pile s driven: January 1953 
Date of inspection: March 1960 
Age of piling: 4.2 vears 


STATION 16-+-32 


Piling exposed: A 38-in. width of the floodwall was 
exposed between elevation 89 and 80.5 ft. 

Surface elevation: 93 ft 

Water table elevation: 80.5 ft 

Soil characteristics: 

93 to 86 ft: Bluish black fat clay, sticky, plastic, 
and very retentive of water. Small patches of red 
and yellow sand dispersed throughout the profile. 

86.0 to 85.5: Black silty plastic clay, containing 
more than 50 percent cinders. 

85.5 to 84.5: Light brown sandy loam with cinders 
and gravel dispersed throughout. 

84.5 to 84.0: Layer of black cinders. 

84.0 to 80.5: Gray sandy silt containing cinders. 


Ficgure 5. Steel sheet piling sections (2 fl by 1 ft) cut from two 
locations on the Memphis Floodwall after exposure for 6.3 
years 
The sections were cleaned by sandblasting 
A101, section of coated piling showing pits up to 35 mils in depth, occurring in 

area of damaged coating. 

A102, section of uncoated piling exposed to 


1 silty clay containing cinders 
showing no measureable corrosion. 


Soil resistivity and pH 


Elevation tesistivity 


Ohm-cem 
3,400 (4-pin 
,000 (4-pin 
5,000 (4-pin 


,200 (4-pin 
»800 (4-pin) 
3,300 (4-pin 


920 (4-pin) 
400 (4-pin) 
,950 (4-pin) 


,190 (Laboratory) 


850 (Shepard Cane 
,300 (Shepard Cane 


,700 (Shepard Cane 
2,500 (Shepard Cane 


2,500 (Laboratory) 


1,750 (Laboratory) 


82 to 80 1,550 (Shepard Cane 
4,000 (Shepard Cane: 
80.5_ 850 (Shepard Canes 
1,400 (Shepard Cane: 


Wet cinders on floor of excavation at 80.5 ft. 
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Ficure 6. Sandblasted sections of Z-type sheet piling cut from 
two different the Vicksburg Floodwall after 


er posure 


locations in 


jor ¢ years. 


Although cinders were present in the soil at both locations, no significant cor- 
rosion occurred. 

B101, Section removed from floodwall at station 16432. 

B102, Section removed from floodwall at station 234-83. 


Condition of pile s: 

Approximately 30 to 40 percent of the steel surfaces 
was covered with mill scale. Soil adhered in many 
areas of about 1-in.? like barnacles, beneath which 
appeared uniform metal attack or shallow pitting. 
Pitting up to 40 mils in depth was widely scattered 
and confined to areas of less than 1 in.? At elevation 
83.5 to 81.5 ft, there were a few pits with depths 
between 40 and 45 mils. Measurements made on 
the three most corroded 1 in.’ areas showed an aver- 
age reduction in the cross section of the web of 4 to 6 
percent. A section removed from the most corroded 
area of the pile is shown in figure 6. 


STATION 23+83 


Piling exposed: A 41-in. width of the floodwall was 
exposed between elevation 89 and 80.5 ft. 

Surface elevation: 93 ft 

Water table elevation: 80.5 ft 

Soil characteristics: 

93 to 84 ft: Bluish-gray clay with nodules of brown 
clay dispersed throughout. 

84 to 83.5: Plastic and sticky light brown to 
reddish brown clay containing some cinders. 

83.5 to 80.5: Dark gray silty sand mixed with 
appreciable quantities of cinders, gravel, stones, and 
bricks. This horizon appears to be a fill material. 
Free water at bottom of trench. 





| 93 to 83_ 


Soil resistivity and pH 


Elevation Resistivity 


ft Ohm-cm 
2,800 (4-pin) 
9,200 (4-pin)_ 
5,000 (4-pin) - 
93 to 73 1,300 
3,700 
2,800 ( 


-pin) 


93 to 63 740 
2,000 


1,400 


4-pin) 
4-pin) 
t-pin) _- 


89 to 84 )2 
82 
72 


5 (Shepard Canes) 
5 (Shepard Canes) 
5 (Shepard Canes) 
910 (Laboratory) - 
1,700 (Shepard Canes) 


3,900 (Laboratory) - - - 
1,050 (Laboratory) - - 


1,100 (Shepard Canes) - 
1,400 (Shepard Canes) 
1,300 (Shepard Canes) 


Condition of piles: 

Mill scale was intact on about 70 percent of the 
piling surfaces. There was no difference in the 
appearance of the surface at the different horizons. 
Where the mill scale had been removed, there was a 
film of red rust which was brushed off with ease. 
Under the rust, the steel surfaces were smooth. No 
measureable pits were found on the exposed pilings. 
Measurements fail to show a perceptible reduction in 
wall thickness (fig. 6). 


c. Sardis Dam Spillway, Sardis, Mississippi 


History: 

An excavation was made to expose a 7-ft width 
of pilings from the upstream wingwall on the east 
side of the Sardis Dam Spillway. The structure 
consisted of arch-type sheet piles with a 15-in. 
driving width and a wall thickness of % in. 

Date piles driven: Early 1940 

Date of inspection: March 1960 

Age of piling: 20 years 

Piling exposed: A 7-ft width of the wingwall was 
exposed from elevation 307 to 302 ft. 

Surface elevation: 312 ft 

Water table elevation: 305 ft 

Soil characteristics: 

312 to 305 ft: Fill soil consisting of uniform reddish 
sandy loam. 

305 to 302: Natural soil, reddish brown tight 
impervious plastic clay. 





Soil resistivity and pH 


Elevation Resistivity 


ft Ohm-cm 
312 to 302 Min. 43,600 (4-pin 
Max. 50,200 (4-pin) 
Avg. 46,500 (4-pin) 
312 to 192 Min. 
Max. 
Avg. 


29,100 (4-pin) 
36,000 (4-pin) 
32,800 (4-pin) 
312 to 182 Min. 
Max 
Avg. 


23,800 (4-pin) 
29,300 (4-pin) 
26,000 (4-pin) 


10,000 (Shepard Canes) 
>10,000 (Shepard Canes 
15,400 (Laboratory) 
4.000 (Laboratory) 
7,510 (Laboratory) 
3,000 (Shepard Canes) 


Condition of pue 8° 
Mill scale was intact over approximately 90 per- 
cent of the pile surfaces. In localized areas, which 


piles, there was slight metal attack and shallow 
pitting, not exceeding 10 mils in depth. In an 
area covering a width of about 2 ft between eleva- 
tion 304 and 302.5 ft, there were isolated pits which 
measured between 10 and 20 mils in depth, and 
three pits between 20 and 28 mils. 


most corroded areas in this zone was between 3 and 
4 percent. 


d. Grenada Dam Spillway, Grenada, Mississippi 


History . 

Two excavations were made to expose steel sheet 
pilings for examination on the north side and the 
south side of the upstream wingwalls of the Grenada 
Dam Spillway on the Yalobusha River. The pilings 
consisted of the arch-sheet type with a driving width 
of 15 in. and a wall thickness of * in. 

Date piles driven: October 1948 
Date of inspection: March 1960 
Age of puing: 11.4 years 

UPSTREAM WINGWALL—NORTH SIDE 
Piling exposed: A 6.7 ft width of the wingwall was 
exposed between elevation 251.5 and 246 ft. 
Surface elevation: 256 ft 
Water table elevation: Much below 246 ft 
Soil characteristics: 

256 to 246 ft: Fill material consisting of friable 
reddish brown clayey sand or silt loam with clods 
of grayish sandy clay and patches of very fine yellow- 
ish brown sand throughout the pit. Gravel, stones, 
pieces of dark gray shale, and fine roots present. 


| pile surfaces. 
were predominant in the top 8-in. section of the 


The average | 
reduction in pile thickness measured in the three | 
| and were difficult to scrape away. 


Soil resistivity and pH 
Elevation Resistivity 


Ohm-cm 
12,500 (4-pin) 
16,500 (4-pin) 
13,900 (4-pin) 


256-246 


256-236 __- 1,700 (4-pin) 
9,600 (4-pin) 
6,900 (4-pin) _-- 
256-226 4,300 (4-pin) 
,200 (4-pin) 
},200 (4-pin) 


9,000 (Shepard Canes) 
2,400 (Laboratory) 
2,300 (Laboratory) 


,700 (Shepard Canes) 
3,500 (Shepard Canes) 
2,400 (Shepard Canes) 


Condition of piles: 

Mill scale was intact on about 20 percent of the 
Approximately 60 percent of the sur- 
face was uniformly corroded to shallow depths and 
contained many scattered pits which generally 
ranged in depth between 40 and 90 mils. <A few 
pits between 90 and 108 mils in depth were present. 
The deepest pits were mainly concentrated between 
elevation 248 and 247 ft. The deeper pits were 
highly localized and were found under nodules of soil 
particles which appeared to be cemented to the steel 
Measurements of 
the three most corroded areas showed average re- 
ductions in the thickness of the piles of 16, 13, and 10 
percent. 

UPSTREAM WINGWALL—SOUTH SIDE 
Piling exposed: A 7-ft width of the pilings in the 
wingwall was exposed between elevation 251.5 and 
246 ft. 

Surface elevation: 256 ft 
Water table elevation: Much below 246 ft 
Soil characteristics: 

256 to 248 ft: Reddish brown fine sandy loam with 
clods of light gray clay dispersed throughout the 
profile. This is a fill soil containing many fine roots. 

248 to 246: Mixture of fine rust colored very fine 
light yellow silty sand intermingled with pieces of 
light gray shale. 


Soil resistivity and pH 
Elevation 


Resistivity 


ft Ohm-cm 

256 to 246 5,900 (4-pin) 
8,000 (4-pin) 

7,000 (4-pin) 





Soil resistivity and pH—continued 


Elevation Resistivity 


ft Ohm-cm 
256 to 236 Min 3,400 (4-pin) 
Max 6,900 (4-pin) 
Avg 4,300 (4-pin) 
256 to 226 Min 
Max 
Avg 


2,700 
3,800 
3,500 


1-pin) 
1-pin) 
1-pin) 


2,400 (Laboratory) 
1,000 (Laboratory) 
4,300 (Laboratory) 


5,000 (Shepard Canes) 
11,000 (Shepard Canes) 
7,900 (Shepard Canes) 


Condition o} pile 8: 

251.5 to 248 ft: Mill scale was present over 70 
percent of the surface. Many highly localized pits 
corroded about 15 percent of the surface, the re- 
maining 85 percent of the surface was unaffected by 
corrosion. Six pits were found between 100 and 172 
mils in depth, eight pits between 50 and 95 mils, and 
other pits measured less than 50 mils. The corrosion 
products and soil particles adhering to the steel in 
this zone were easily scraped off. 

248 to 246: About 30 percent of the piling surfaces 
were affected by scattered pits, the other areas being 
unaffected by corrosion. Mill scale was intact over 
more than 50 percent of the surface. The seven 
deepest pits ranged between 105 and 160 mils in 
depth. Also present were 11 pits between 50 and 95 
mils and other pits less than 50 mils in depth. The 
average reduction in wall thickness measured in the 
three most corroded areas was between 12 and 19 
percent. In this zone, the soil particles were easily 
scraped from the steel surfaces, but a black crust of 
ferric oxide which was embedded in the pits was 
difficult to break away. 


e. Berwick Lock, Berwick, Louisiana 
History: 

Two excavations were made to expose steel pilings 
in the cutoff walls on the west side and east side of 
the north end of the Berwick Lock which is located 
between the Lower Atchafalaya River and Berwick 
Bay near Berwick, La. The arch-type sheet steel 
pilings had a driving width of 19% in. and a % in. 
wall thickness. 

Date piles driven: March 1949 
Date of ins pe ction: April 1960 
Age of piling: 11.1 years 


NORTH END OF LOCK-—WEST SIDE 


Piling exposed: A 5-ft width of pilings was exposed 
between elevation + 3.5 to —1.5 ft. One side of the 
pilings which was uncoated, was totally exposed to 
the soil environment. The other side of the pilings 





had a coal tar coating and was exposed to water. 
Surface elevation: + 5 ft 

Water table elevation: —0.5 ft 

Soil characteristics: 

5 to +2 ft: Fill material consisting of a mixture 
of gray and brown silty clay containing some gravel 
and small shells. 

2 to —1.5: Natural soil consisting of tight bluish 
gray impervious plastic clay with patches of tight 
brown clay dispersed throughout the profile. 


Soil resistivity and pH 


Elevation Resistivity 


Ohm-cm 
860 (4-pin) - 
960 (4-pin) 
900 (4-pin) 


Min 
Max 
Avg 


Min 
Max 
Avg 


990 (4-pin) - 
, 260 (4-pin) - 
, 190 (4-pin) - 


Min 
Max 
Avg 


, 380 (4-pin) 
, 550 (4-pin) 
, 440 (4-pin) - - 


Min 
Max 
Avg 


680 (Shepard Cane 
950 (Shepard Cane 
820 (Shepard Cane 


, 000 (Shepard Cane 

, 400 (Laboratory) 

, 290 (Laboratory) 
850 (Shepard Canes) 
800 (Shepard Cane 
850 (Shepard Canes) 


Condition of pile 8: 
3.5 to +1.5 ft: Mill scale was intact over 40 
percent of the surface. The remaining surface was 
uniformly attacked and had many shallow pits less 
than 25 mils in depth, and some deeper pits. A 
few pits ranged between 55 and 61 mils in depth, 
and many others ranged between 25 and 55 mils. 
The average reduction in wall thickness observed on 
the three most corroded areas was between 6 and 8 
percent. 
+1.5 to —1.5 ft: Mill seale was intact over about 
60 percent of the surface. Slight uniform corrosion 
was present on the remaining surface and there were 
many pits which did not exceed 25 mils in depth. 
There was slight general metal attack and pitting 
over the entire coated side of the pilings which was 
exposed on the water side. The river water had a 
resistivity of 2,500 ohm-cm, and a salt content of 
40 ppm. 


NORTH END OF LOCK—EAST SIDE 


Piling exposed: A 5 ft width of the wall was exposed 
between elevation + 3.5 and 0 ft. 
Surface elevation: + 5 ft 
Water table elevation: + 
Soil characteristics: 

5to +3 ft: Fill consisting of a mixture of slightly 


1 ft 
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friable reddish brown and gray 
gravel and many stones. 

3 to 0: Natural soil consisting of brown fat 
plastic clay. 


. | “ 


Soil resistivity and pH 


tight clay containing 


Elevation 


on | 


Resistivity 


Ohm-cem 
960 (4-pin) 
, 280 (4-pin) 
, 130 


, 150 
, 530 
, 370 
, 210 


, 610 
, 480 


950 (Shepard Canes)_ 
, 300 (Shepard Canes) 


, 050 (Laboratory) 
, 220 (Laboratory) 


870 (Shepard C 
, 000 (Shepard C 


Anes ) 
anes 


750 (Shepard C 
, 200 (Shepard C 


anes) 
anes 


Condition of piles: 

3 to +1 ft: Mill seale was present on 40 percent 
of pile surfaces. There was uniform corrosion 
and pitting where the mill scale was missing. The 
three deepest pits were between 75 and 90 mils in 
depth. About 30 pits measured between 20 and 
75 mils in depth, and many other pits were shallower 
than 20 mils. The average reduction in pile thick- 
ness observed in the three most corroded areas 
was between 8 and 11 percent. 

1 to 0: About 75 percent of the mill scale was 
intact in this zone. The pile surfaces were smooth, 
had little metal attack, and all pits were 
than 20 mils in depth. 

The condition of the coated piles exposed to the 
water side was similar to that described the 
piling on the west side of the lock. 


less 
for 


f. Algiers Lock, New Orleans, Louisiana 
History: 

An excavation was made toe xpose type Zi: 
pilings in the cutoff wall on the east side of the 
south end of Algiers Lock, which is located on the 
Algiers Canal at the Mississippi al New Orleans. 
La. The piles have a driving width of 21 in. and 
wall thicknesses of *{ in. at the web and % in. at the 
flanges. 

Date pile N di 11% n. 
Date of inspection " 
Age of piling: 11.9 vears 

Piling exposed: A 5-ft width of 
exposed between elevation +3 


32 sheet 


May 1948 
April 1960 


the cutoff wall was 
5to +1 ft 


Surface elevation: +-5 ft 
Water table elevation: +-2 ft 
Soil characteristics: 

+5 to 3.5 ft: Brown silty clay fill material. 

+3.5 to +1: Brown silty clay with pockets of 
tight plastic grayish blue clay dispersed throughout 
the profile with large quantities of organic matter, 
rotted wood, gravel, and small stones. 


Soil resistivity 


and pH 


Elevation tesistivity 


Ohm-cm 
800 (4-pin) 
840 (4-pin) 
$20 (4-pin) 


575 
650 
600 


(4-pin) 
(4-pin) 
(4-pin) 


345 
160 
110 


(4-pin) 
(4-pin) 
(4-pin) 


700 
, 150 


(Shepard Canes) 
(Shepard Canes) 


, 300 
, 140 


(Shepard Canes) 
Laboratory) 


, 290 
650 
, 200 


(Laboratory) 
Shepard Canes) 
(Shepard Canes) 


1, 300 (Shepard Canes 


ondition of piles: 

Mill scale was present over approximately $5 
percent of the surface. Nodules of clay adhered 
to the steel surface in scattered small areas, gener- 
ally not exceeding 1 in.’ in size, beneath which were 
light metal attack or pitting. The deepest pit 
measured 40 mils in depth. Nine pits measured 
between 22 and 32 mils in depth, and other pits 
measured less than 20 mils. The average reduction 
in wall thickness measured on the three most cor- 
roded areas of the sample pile section cut from the 
wall was between 3 and 4 percent. 


g. Enid Dam Spillway, Enid, Mississippi 
Histor ye 
An 8-ft width of steel sheet pilings was exposed on 
the north side of the upstream wingwall in the Enid 
Dam Spillway. The piles consisted of interlocking 
arch-type beams having a driving width of 18 in. 
Date pile s dr-ven: September 1949 
Date of inspection: May 1961 
Age of piling: ae years 
Piling exposed: An S8-ft width of the pilings was 
exposed between elevation 288 and 282.5 ft. 
Surface elevation: 293 ft 
Water table elevation: Much below 282.5 ft 
Soil characteristics: 
293 to 290.5 ft: 
plastic. 


Brown silty clay, somewhat 
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290.5 to 282.5: Reddish brown coarse sand con- 
taining much silt and gravel. 


Soil resistivity and pH 


Elevation Resistivity 


Ohm-cm 
8,500 (Shepard Canes) - - 
8,000 (Shepard Canes) 
10,000 (Shepard Canes) 
4,000 (Laboratory) 
10,200 (Laboratory) 
9,500 (Shepard Canes) 


293 
290.5 
288 
284 
282 
282.! 


Condition of pile ah 


Mill scale was intact over more than 90 percent 
of the surface. Slight metal attack was present in 
a few small areas, approximately 1 in. in diameter. 
There were no measurable pits. 


5. Discussion 


Previous investigations on soil corrosion conducted 
by the National Bureau of Standards have been 
restricted to the behavior of metals in disturbed 
soils; trenches or excavations were dug and back- 
filled after installation of the specimens. Because 
no prior systematic investigation pertaining to the 
behavior of metals in undisturbed soils hid been 
conducted, it became general practice because no 
other data were available to apply the information 
provided by the NBS soil investigations as a guide 
to estimate the corrosion of metals in all types of 
underground installations, under both disturbed and 
undisturbed soil conditions. 

The findings of the National Bureau of Standards 
with respect to the action of soils on metals have 
been presented on numerous Occasions in various 
ways, and more recently assembled in the National 
Bureau of Standards Circular 579 [1]. The follow- 
ing repetition of the previously obtained major con- 
clusions pertaining to the corrosion of iron and steel 
is not for the purpose of imparting new information, 
but to establish a basis for discussion of the data 
obtained from the piling inspections. 

Briefly, the Bureau has found, first, that the 
corrosion of the commonly used ferrous metals is of 
the same type and order of magnitude when exposed 
to a given soil environment; and second, 
ments varies widely. In general, in well-drained 
high-resistivity soils, the rate of corrosion may be 
high initially, but decreases after a few years to 
almost complete cessation of pitting. Conversely, 
in poorly drained soils having low resistivities, the 
rate of corrosion is nearly constant with time after 
the initial period. 

One of the most interesting characteristics of 
underground corrosion is the irregular nature of the 
attack, <A section of pipe is often penetrated at only 
one or more points and practically no corrosion is 
found elsewhere on the section. Usually, the loss 








that the | 
corrosion of ferrous metals in different soil environ- | 


| 


| summarized in table 3 


of ferrous metal is too small to be of importance if 
it were uniformly distributed over a metal surface. 

The major cause of corrosion can be attributed to 
the nonuniformity in the distribution of oxygen and 
moisture along the surface of a buried metallic 
structure. Variations in the supply of oxygen can 
set up oxygen-concentration cells in which the metal 
surfaces which are least accessible to oxygen are 
anodic to the surfaces to which oxygen more 
readily accessible. The corrosion may be either gen- 
eral or localized depending upon the relative size of 
the anodic and cathodic areas. For a given difference 
in potential between the two areas, if the anode area 
is relatively large compared to the cathode area, the 
total current produced may be small or negligible and 
the little damage to the anode area will be ‘distributed 
over an appreciable area in the form of uniform cor- 
rosion. On the other hand, if the anodic area is 
relatively small compared to the cathodic area, the 
corrosion is localized and severe damage may result 
due to penetration of the metal by pitting. 

The pitting type of corrosion 1s of major impor- 
tance in pipe lines or other structures designed 
to carry liquids or gas. On the other hand, for 
underground structures that are primarily load- 
bearing the depth of pitting is of less interest than 
the overall loss in weight or strength. Hence, in 
relating corrosion damage to the useful life of piling 
the most important measurement involves the 
amount of uniform corrosion that will result in a 
reduction of the cross section. 

The data from 19 installations listed in section 4 
provide information on the behavior of steel pilings 
to depths of 136 ft and for exposures of 7 to 40 yr in 
a wide variety of soil conditions. The data are 
to facilitate interpretation and 
to bring out any relationship that may exist between 
the corrosion observed on the pilings and the charac- 
teristics and properties of the soils. 

Fill material which varied in content from riprap, 
cinders, slag, and combinations of sand, silt, loam, 
and clay was present at nine locations above the 
water table. The undisturbed natural soils covered 
a range from well-drained sands to impervious tight 
clays. The resistivities of the soils ranged from 300 
ohm-em (indicating the presence of large quantities 
of soluble salts) to 50,200 ohm-cm, (indicating the 
absence of soluble salts). The pH of the soil ranged 
from 2.3 to 8.6. 

Any attempt to estimate the corrosiveness of the 
soils to which the pilings were exposed by associa- 
tion of the soil properties and characteristics with 
data obtained from similar soil environments from 
either NBS field tests, or actual service history of 
structures in disturbed soils, could only lead to the 
expectation of severe corrosion at most of the sites. 
Skipp [15] suggested that engineers make a thorough 
site investigation in designing structures utilizing 
buried steel piles in order that due allowance may 
be made for corrosion and its prevention. The in- 
vestigation procedures he recommended to deter- 
mine the likelihood of corrosion and its possible 
severity are essentially those used to predict corro- 
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Fiaure 7. Corrosiveness of soil samples from Bonnet Carre Spillway as indicated by electrode weight losses after 6 months in modified 


Denison corrosion cells. 
Electrode sets A and C set up under aerated and unaerated conditions, respectively, with soil samples obtained at 22 ft depth from surface of ground, 
Electrode sets B and D set up under aerated and unaerated conditions, respectively, with soil samples obtained at 45 ft depth. 








| 
} Loss in weight 


Elec trode 


- 

B.. 

B 

D 
sion of structures, such as pipelines, in disturbed 
soils. Emphasis was placed on survey methods 
involving measurements of pH, soil electrical resisti- 
vity, redox potential, and bacterial activity. 

It is evident from an evaluation of the data in 
table 3 that the survey methods recommended by 
Skipp, which presently are the methods widely used 
by engineers, are misleading in that they over- 
estimate the corrosion of steel pilings driven in soils. 
For example, the 122-ft length of H-pile pulled from 
the Bonnet Carre Spillway after exposure for 17 yr 
was subjected to varying soil types at different 
horizons under poorly aerated conditions. At the 
time the pile was inspected, soil samples collected 
from the pile walls at depths of about 22 ft and 45 ft 
from the surface were shipped to the National Bu- 
reau of Standards. The soils consisted of clay having 
a resistivity of 400 ohm-cm and a pH between 7.8 
and 8.1. Chemical analysis detected the presence of 
appreciable quantities of soluble salts in the form of 
carbonates, bicarbonates, sulfates and chlorides, the 
latter being predominant (table 3). The properties 
of this soil are nearly similar to those of a Docas clay 
soil found at Site 64, one of the most corrosive soils 
in the NBS corrosion field tests. At this site, carbon 
steel pipe specimens with a wall thickness of 0.154 
in. were perforated by corrosion within 5 yr and had 
large weight losses. 
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o2/ft? 
2. 03 
1. 82 
0. Vo4 
O15 


The soil samples from the Bonnet Carre Site were 
subjected to the modified Denison corrosion cell test 
in the laboratory [1,16]; by means of this cell the 
behavior of iron or steel in different soils can be 
investigated under controlled conditions of moisture 
and aeration. In the aerated condition, the moisture 
content is controlled to make the soil sufficiently per- 
meable for access of oxygen to the cathode. In the 
unaerated condition, all the soil is puddled at the 
time of setting up the cells, thus limiting access of 
oxygen to the electrodes. The small amount of 
oxygen available in the unaerated cell is rapidly de- 
pleted during the initial corrosion process and the 
replenishment of oxygen at the cathode becomes 
difficult because of the puddled soil. 

An estimate of the corrosiveness of a soil is deter- 
mined in the Denison cell by a measurement of the 
galvanic current between the electrodes or preferably 
by the combined weight losses of the two electrodes. 
Good correlations were obtained between the weight 
losses of corrosion cells set up for six months under 
aerated conditions using soils from NBS test sites 
and the weight losses occurring in the field at the 
test sites on wrought ferrous pipe specimens exposed 
for 10 yr [1,16]. 

The results obtained with the modified Denison 
cell on the Bonnet Carre soil samples for six months” 





exposure in the laboratory under aerated and un- 
aerated conditions are shown in figure 7. 

It was previously pointed out that the soil samples 
from the piling which was extracted from the Bonnet 
Carre Spillway had properties similar to those of the 
severely corrosive Docas clay soil in the NBS field 
tests. The laboratory corrosion cell set up under the 
aerated conditions produced weight losses of the 
same order of magnitude for the Bonnet Carre (fig. 


7, A and B) and Doeas clay soils [1,16] indicating | 


that the Bonnet Carre soil is equally as corrosive as the 
Docas clay soil under aerated conditions. The 
weight losses of ferrous pipe specimens which were 
exposed in the disturbed soil at the Docas clay site 
are in relatively good agreement with the results 
obtained in the laboratory under aerated conditions. 
On the other hand, the piling extracted from the 
Bonnet Carre Spillway after exposure for 17 yr 
was unaffected by corrosion at all depths below the 
water table zone, and showed but a negligible amount 
of corrosion in the water table zone. This is in 
complete accord with the results from the laboratory 
cell test which showed a relatively negligible amount 
of corrosion for the cell electrodes set up under un- 
aerated conditions as compared with that of the cell 
electrodes set up under aerated conditions. 
The data presented in section 4 and summarized 
table 3 show that, in general, the amount of 
corrosion of the pilings exposed below the water 
table zone at any of the sites was not sufficient to 
have an appreciable effect on the strength of the 
pilings for the periods ol exposure. The water table 
zone is defined as the zone lying between +2 ft of 
the water table. 


in 


At Sparrows Point, a 3-ft section of each of the two 
H -piles contained some moderate corrosion below 
the water table at elevation of about 116 ft. 
These sections of the piles passed through a coarse 
sand and gravel bed through which ground water 
flowed more freely than in the other strata. The 
corrosion can possibly be attributed to the action of 
dissolved carbon dioxide. ; 


The sections of the piles 
above the sand 


cravel stratum to the water 
line zone and below the sand and gravel stratum to 
the bottom of the piles were almost entirely coated 
with mill scale. The condition of three sections of 
one of the H-piles pulled from Sparrows Point is 
shown in figure 1. 


] 
and 


Corrosion was found on steel piles exposed below 
the water table at the Sardis Dam, Chef Menteur 
Pass Bridge, the Lumber River structures. 
The pits were highly localized as indicated by the 
large amount of mill scale intact on the pile surfaces. 
Only small or neg wall thick- 


and 


rligible reductions in 
nesses were observed 


The portions of pilings which appeared to be the 


most vulnerable to corrosion were the sections 
exposed in fill located above the water table 
level or in the water table zone. In the water table 
zone, corrosion was found on the pilings extracted 
from the Sparrows Point and Lumber River loca- 


tions; reductions of 29 and 40 percent were observed 


soil 


| 


respectively. Corrosion tapered off rapidly and 
was not appreciable below the water table zone. 

Significant corrosion occurred above the water 
table only in fill soils at Grenada Dam, Berwick 
Lock, and at the Wilmington Marine Terminal 
(table 3). The corrosion at these locations was 
highly localized as shown by the reductions in wall 
thickness of the piles. 

Inspections of the pilings in the test holes at 
Grenada Dam were made early in the investigation. 
The pitting type of corrosion found on the piles 
exposed to the fill soil were of concern to personnel 
of the Corps of Engineers. As a result, a pile 
section was pulled from the north wingwall structure 
to observe the condition of the pile at greater depths. 
No corrosion of any significance was found in the 
natural soil below the fill laver. 

The data indicate that the depths of maximum 
pitting give no indication of the extent of corrosion 
on pilings. A review of each case history in section 
4 shows that the number of deep pits are relatively 
few for the large areas of pile surface involved, and 
that most of the measured pit depths are consider- 
ably less than the maximum reported in table 3. 
Furthermore, corrosion by pitting covers a rela- 
tively small area of the pilings, especially below the 
water table zone. Significant pitting was not ob- 
served on many of the piles below the water line. 
An example of this is illustrated in figure 2 for the 
piling pulled from the Ouachita River Lock after 40 
yr of exposure. 

It should also be noted that there is generally a 
marked difference between the maximum depth of 
pitting and the reduction in cross section area. 
For example, maximum pit depths of the order of 
145 mils found on the pilings from the Chef Menteur 
Pass Bridge might cause considerable concern for a 
fluid-carrying structure regardless of the condition 
of other portions of the structure. On the other 
hand, because of the localized and isolated nature 
of attack, pit depths of this magnitude do not have 
an appreciable effect on the strength or useful life 
of piling structures because the reduction in pile 
cross section after exposure for 32 yr is not significant. 

At the time of driving the H-piles at Sparrows 
Point and the 100-ft lengths of the sheet piles at 
the Wilmington Marine Terminal, sections forming 
the full pile leneth were joined by butt welds. The 
welds showed no evidence of corrosion at the time 
of inspection after the piles were pulled. A welded 
joint on the Sparrows Point pile is shown in figure 1. 

Stray currents have been detected and measured 
throughout the entire area where the two piles 
were extracted at Sparrows Point. Several months 
after the piles were pulled, an engineer of the Beth- 
lehem Steel Company and the writer conducted 
measurements on a 9-ft section of 36-in. cast iron 
water pipe which was located about 600 ft from the 
piles. A maximum current of 40.5 amp with an 
average of 13.5 amp was measured over a 20-hr 
period. On another pipe of similar dimensions 
located approximately 100 ft from the site of pile 


in the cross sections of the piles after 18 and 37 yr, | I-S, stray-current measurements averaged 3 amp 
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with a maximum of 4 amp over the 20-hr period. 
The absence of highly localized corrosion on the 
pilings indicated that they were not acting as con- 
ductors for the stray currents in the area. 

It is also of interest to mention the excellent 
condition of a group of identification numbers which 
was stamped in the steel with 4-in. dies on the 40-yr 
pile from the Ouachita River Lock. Although the 
mill scale was broken by the dies, the numbers and 
the surrounding area were unaffected by corrosion, 
as were the roll marks on the pile indicating the 
manufacturers identification and patent number. 
At all locations, roll marks on the piles where 
detected were legible and were in the same condition 
as the surrounding surfaces (figs. 4, 5, and 6). 

In general the data obtained from the piling 
inspections do not show any correlation between 
soil properties and the condition of the pile surfaces 
in the different soil environments, with the possible 
exception of pH. Maximum corrosion was observed 
on the pilings ex posed to extremely acid soils in the 
water table zone at Lumber River (pH 2.3) and 
Sparrows Point (pH 3.7), and below the water table 
zone at Sardis Dam (pH 2.9). The soils in the 
piling investigation cover as wide a range of prop- 
erties as the soils included in the early NBS field 
tests. The results of the earlier tests showed that 
there is at rough correlation between the 
corrosion of iron or steel and certain soil properties, 
such as resistivity, pH and chemical composition. 

The major difference between the soils at the 
NBS test sites and the soils into which the pilings 
were driven appears to be the oxygen content. 
The data from the early soil-corrosion tests and most 
corrosion data reported previously on service struc- 
tures were obtained on specimens or structures 
located in backfilled soil. The backfilling causes a 
drastic disturbance in the oxygen content of the 
soil and promotes corrosion of iron and steel by 
differential aeration. On the other hand, the 
oxvgen concentration of undisturbed soils is not 
sufficient to cause appreciable corrosion of pilings 
that are driven into the ground. 

It would seem that the soil types which range 
from pervious sands to tight impermeable clays at 
different horizons at the same locations, would 
differ sufficiently in oxygen content to promote 
corrosion by differential aeration. Accelerated cor- 
rosion on pilings could also be expected to occur 
due to galvanic effects resulting from the presence 
of mill scale and exposed bare metal in adjacent 

However, the data from the piling inspec- 
indicate that there is not enough oxygen 
available a short distance below the ground line, 
and especially below water table zones, to promote 
corrosion by differential aeration or other causes. 
Obviously, regardless of the soil properties, sufficient 
circulation of oxygen is essential for corrosion to 
occur. 

Evidently some corrosion of steel piles takes place 
initially after the piles are driven as indicated by the 
removal of mill scale in small areas and localized 
pitting at some of the locations. 
evidently arrested after the 


least a 


areas. 


tions 


limited amount of 


The corrosion is | 


oxygen has been depleted by the initial corrosion 
process and corrosion ceases thereafter because of the 
inability of the soil to replenish the oxygen. 

The importance of oxygen as a factor in the cor- 
rosion process was previously indicated, by the 
behavior of steel in the modified Denison corrosion 
cell set up under aerated and unaerated conditions 
in the laboratory on soil samples from the Bonnet 
Carre Spillway (fig. 7). 

The data obtained from the inspections of steel 
pilings indicate that there is not sufficient oxygen 
available in undisturbed soils to cause appreciable 
corrosion on driven pilings regardless of the soil 
properties. Even wet cinders which were present 
in the water table zone adjacent to the floodwalls 
excavated at Vicksburg and Memphis had no 
corrosive effect on the steel pile surfaces. 

Appreciable quantities of soluble salts in the form 
of sulfates and other ions were present in the soil 
to which the pilings from the Memphis Floodwall 
and Berwick Lock were exposed. The internal 
drainage at the sites, soil pH, and the presence of 
organic matter constituted conditions under which 
sulfate-reducing bacteria would be expected to 
thrive. However, no evidence of accelerated cor- 
rosion by the anaerobic bacteria were detected on 
the piles at these sites. In fact, at none of the loca- 
tions where pilings were examined were sulfides 
detected in the corrosion products. 

Examination of the data in table 3 and section 4 
shows that in general soil type, drainage, soil 
resistivity, pH, or chemical composition of soils are 
of no importance in determining the corrosion of 
steel pilings driven in undisturbed soils. This is 
contrary to everything published pertaining to the 
behavior of iron and steel under disturbed or back- 
filled soil conditions. Hence, soil corrosion data 
published in NBS Circular 579 [1] are not applicable 
and should not be used for estimating the behavior 
of steel pilings driven in undisturbed soils. Likewise, 
survey methods, as recommended by Skipp [15] 
and others, are of no practical value in predicting 
the extent of corrosion of steel pilings underground. 


6. Summary 


Steel pilings which have been in service in various 
underground structures for periods ranging between 
7 and 40 yr were inspected by pulling piles at 8 
locations and making excavations to expose pile 
sections at 11 locations. The conditions at the 
sites varied widely, as indicated by the soil types 
which ranged from well-drained’ sands to impervious 
clays, soil resistivities which ranged from 300 ohm- 
em to 50,200 ohm-cm, and soil pH which ranged 
from 2.3 to 8.6. 

The data indicate that the type and amount of 
corrosion observed on the steel pilings driven into 
undisturbed natural soil, regardless of the soil 
characteristics and properties, is not sufficient to 
significantly affect the strength or useful life of 
pilings as load-bearing structures. 

Moderate corrosion occurred on several piles 
exposed to fill soils which were above the water table 
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level or in the water table zone. At these levels the 
pile sections are accessible if the need for protection 
should be deemed necessary. 

It was observed that soil environments which are 
severely corrosive to iron and steel buried under 
disturbed conditions in excavated trenches were not 
corrosive to steel pilings driven in the undisturbed 
soil. The difference in corrosion is attributed to 
the differences in oxygen concentration. The data 
indicate that undisturbed soils are so deficient in 
oxygen at levels a few feet below the ground line or 
below the water table zone, that steel pilings are 
not appreciably affected by corrosion, regardless of 
the soil types or the soil properties. Properties of 


soils such as type, drainage, resistivity, pH or chemi- | 


cal composition are of no practical value in determin- 
ing the corrosiveness of soils toward steel pilings 


driven underground. This is contrary to everything | 


previously published pertaining to the behavior of 
steel under disturbed soil conditions. Hence, it can 
be concluded that National Bureau of Standards 
data previously published on specimens exposed in 
disturbed soils do not apply to steel pilings which 
are driven in undisturbed soils. 
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A series of ferrous alloys containing chromium up to 18 percent and a similar series 
containing chromium with silicon (3 to 4 percent) were exposed from 2 to 3 months to city 
water to which had been added 3 percent by weight of sodium chloride. 

Cathodic and anodic polarization curves were obtained during two entire exposure 


periods at periodic intervals. 


Previous studies by the author along these lines were confined 


almost exclusively to corrosion processes which were either under cathodic or mixed control. 
Data from the present study show that corrosion rates can be calculated from polarization 
curves, even though the corrosion reaction is under anodic control as was the case with 
alloys having about 14 and 18 percent of chromium, 


1. Introduction 


The author has shown by experiments during the 
past 10 yr that metal loss resulting from corrosion 
can be calculated from polarization curves. Most 


of the measurements were made in the laboratory 
on specimens of low-alloy iron or steel exposed to 
soils or to salt-water solutions where the corrosion 
cathodic | 


currents were controlled 
polarization [1, 2].! 

The method has been applied to predicting the 
relative behavior of metal bolts when coupled to 
pipe flanges underground which are anodic to the 
bolts [3]. Polarization measurements showing how 
corrosion currents are related to cathodic protection 
currents were described for steel corroding in salt 
water [4] and in a high resistivity soil [5]. 

Recently, the polarization technique of corrosion 
rate determination has been applied to the evaluation 
of inorganic coatings formed as a result of cathodic 
protection [6]. Even more recently, the same tech- 
nique was used to measure the corrosion rates of steel 
and aluminum in situ (underground) over an exposure 
period of 16 months in a soil having a resistivity of 
7,500 ohm-cm [7]. In addition to measuring the 
rates of corrosion of both the steel and the aluminum, 
the polarization data show how the type of corrosion 
control was influenced by gradual changes in the 
weather and by length of exposure time. In both 


primarily by 


papers, it was shown how the significant currents | 


determined from polarization curves, at the break 
in the curves, were related to rates of polarization 
and how these in turn were related to corrosion 
rates (average weight losses). 

The present study was carried out in the laboratory 
using iron alloys with chromium in amounts sufficient 
to have a marked influence on the corrosion rates 
(average weight losses). The results of others [8, 9] 
show that the addition of chromium to iron in the 
amount above 10-12 percent has a considerable 
effect on the solution potential. This indicates, and 


! Figures in brackets indicate the literature references at the end of this paper. 





| it was found by preliminary experiment, that with 


chromium in excess of 12 
current might be controlled mainly by anodic 
polarization. With these factors in mind, electro- 
lytic iron was alloyed with chromium to form a 
series of alloys ranging from 0 to 18 percent chro- 
mium. Thus, this investigation was designed to 
determine whether, by exposing such a series to a 
3 percent sodium chloride solution, the metal loss 
resulting from corrosion could be determined from 
polarization curves and how these curves would be 
affected by going from cathodic perhaps through 
mixed to anodic control. A second set of specimens 
was also exposed later having approximately the 
same amounts of chromium as the first set but in 
addition a relatively fixed percentage (3-4) of 
silicon. The amount of silicon chosen was such as 
to probably affect the corrosion rates’ but not 
appreciably change the mechanical properties of the 
alloys. 


percent the corrosion 


2. Experimental Procedure 


2.1. Preparation and Exposure of Specimens 


A series of Fe—Cr and of Fe—Cr-Si alloys were 
sand cast at the National Bureau of Standards 
using electrolytic iron as the basis metal. The 
compositions of these alloys as determined by spec- 
trochemical analyses are given in table 1.5. The 
castings were about 0.9 in. in diam by 15 in. long. 
All castings were given an annealing treatment at 
1600 °F, held at temperature for 2 hr and then 
furnace cooled. Next, the castings were machined 
to form specimens 0.625 in. in diam by 12 in. long. 

Preliminary exposure of a few ferrous alloys con- 
taining from 16 to 18 percent of chromium revealed 
the fact that the method of mounting a specimen 

2 In this paper, corrosion rate is based on the total area of a specimen exposed 
to the electrolyte and is derived either from the actual weight loss of the speci- 
men or from the calculated weight loss using Faraday’s law and assuming 100 
percent corrosion efficiency. 

3 Throughout this paper, the series of specimens designated A and AA are 


considered as being without silicon and the B series are referred to as those having 
silicon, 
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TABLE 1. Composition of alloys 


Fe-Cr alloys Fe-Cr-Si alloys 


Specimen Composition, percent Specimen Composition, percent 


Al 


ode ONS 


dh dd lh al ll al a 
he 


“1c 
- 


oocss 
ia 
BOWOWNINNK tt te 
CoONnNAOKCHKenwnnnw 
~ oe 


Note: From 0 to about 6 percent, the values for chromium are probably within 
+ 0.1 percent; above 6 percent, the accuracy may be somewhat less for the chro- 
mium. The values for silicon and for aluminum are probably accurate to within 
+ 0.1 percent 


was in itself a problem to be solved before proceeding 
with the study in mind. Plastic tape can be used 
on plain ferrous metals in order to prevent acceler- 
ated corrosion at the waterline and to keep a fixed 
area exposed to the electrolyte as the solution level 
changes because of evaporation. In the preliminary 
exposure tests with chromium-iron alloys, it was 
observed that most of the corrosion took place under 
tape edges. The same effect was experienced with 
organic coatings. These experiences led to the 
idea of completely submerging the specimens, but 
brought up the problem of how to maintain electri- 
cal contact with the specimen. After some trials, 


it was decided to submerge the specimens by sus- 


pension with Nichrome wire (No. 30 B and 8 gage, 
.010-in. diam), depending for electrical continuity 
upon the weight of the specimen in contact with the 
wire looped through a hole drilled near the top. A 
0.19-in. hole was drilled through each specimen 
0.16 in. from one end for the suspension wire. The 
area of the surface of the specimen was about 
0.167 ft*. 

The effect of galvanic action also had to be consid- 
ered before deciding upon the scheme for suspension. 
This was resolved by measuring galvanic currents 
which would appear to be associated with the couple 
formed by the specimen and the wire. A length of 
Nichrome wire, equivalent to that which would be 
used for suspension, was exposed to a 3-percent 
sodium chloride solution. Its corrosion potential 
was observed to be cathodic to that of any specimen 
which would be used. Then the applied currents, 
which had to be used to cathodically polarize the 
wire to the anticipated range of corrosion potentials 
of the specimens, were measured. As will be ob- 
served later, this range was between —.2 and —.75 v 
measured with reference to a saturated calomel 
electrode. ‘The applied currents measured to polar- 
ize the suspension wire to —.35, —.50, and —.75 v 
were, respectively, 2, 8, and 39 wa. Based on ex- 
perience, it was presumed that the galvanic currents 
would become smaller as exposure time increased. 
Later, when the magnitude of the corrosion currents 
is noted, it will be seen that the above galvanic 





currents were probably less than 5 percent of the 
total corrosion current associated with any one 
specimen. Also, preliminary suspension for a few 
weeks in the salt water of an unalloyed ferrous 
specimen revealed no nicks at the points of contact 
between the specimen and the wire. 

Before exposure, the specimens were cleaned with 
carbon tetrachloride, polished with fine-grit abrasive 
cloth, scrubbed under hot water, dried, and weighed. 
They were exposed to tap water to which had been 
added 3 percent by weight of sodium chloride. The 
salt water was contained by an open cylindrical 
wooden vat, 66 in. in diam and 19 in. high and was 
kept at a depth of 18 in., the volume being about 
265 gal. The temperature of the water was not 
controlled but was measured regularly during the 
exposure periods. Ten specimens, one without 
chromium and nine each with different amounts of 
chromium, were exposed for a period of 65 days. 
Later a second set of 12 specimens was exposed to a 
fresh solution of the same electrolye for 80 days. 
Ten of these specimens were of about the same com- 
position as the first set except that each also con- 
tained an added fixed percentage of silicon and the 
other two had no added silicon but chromium only, 
about 7 and 11 percent. 

Figure 1 shows how the specimens (rods) were 
mounted for exposure. The photograph is of 4 of 
the second set of specimens taken on the last day of 
exposure. The rods shown are in the chromium 
range from 8 to 14 percent, the one on the right con- 
taining 14 percent of Cr with Si. The tops of the 
specimens were 2 in. below the surface of the water 
and the minimum space between them was 9 in. 
The wire clips shown in the photograph were left 
connected throughout exposure. All leads were 
brought to a terminal block mounted on the side of 
the vat so as not to disturb the specimens while 
while making electrical measurements. 


FicurRE 1. Arrangement of specimens suspended in salt water. 


Shown are 4 of the second set of 12 specimens, from left to right: 7B(7,0 Cr, 3.0 Si); 
8B(10.6 Cr, 2.1 Si); 8A A(11,1 Cr); 9B(13.8 Cr, 3.8 Si) 
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2.2. Electrical Measurements 


The specimens were suspended under water in two 
rows, each row being 3 in. from the centerline of the 
vat. Auxiliary electrodes consisting of 0.5-in.-diam 
steel rods were fastened vertically on the wall inside 
of the vat. A group of six electrodes, spaced 6 in. 
apart, were mounted facing one row of specimens 
and another group of six, similarly mounted, diagon- 
ally opposite faced the other row. One group of 
electrodes was used to conduct polarizing current for 
any one specimen in the adjacent row. 

All potentials were measured with reference to a 
saturated calomel half-cell. Electrical contact 
tween the salt water and the half-cell was made 
through a 5 ft flexible agar-salt bridge. The free 
end of the flexible tube was slipped into the salt 
water about 8 in. below the surface through a hard 
rubber sleeve mounted vertically and partially in 
the water about 6 in. from the wall of the vat. The 
salt bridge was left in the water only while potentials 
were being measured. 

Measurements made on any one day comprised 
corrosion potential, polarization arising from applied 
currents, and salt-water temperature. Data were 
obtained more frequently on the first set of specimens 
exposed than on the second set. On the second set, 
the frequency of measurements was determined by 
the need rather than by any given interval of time. 
For both exposures, more data were obtained the 
first week or two than later. On some specimens 
cathodic and anodic polarization curves were not 
always recorded on the same day. Emphasis was 
placed on the kind of polarization which controlled 
the rate of corrosion of a given specimen. When 
the corrosion control was mixed, the attempt was 
made to automatically record both curves on the 
same day or within two successive days. 

Corrosion potentials were measured with a 200,000- 
ohm/v voltmeter. Polarization data were obtained 
with a two-pen (current and potential) strip chart 
recorder. The polarizing current resulted from 


be- 


| 
| 
| 
| 
| 


| 


linear increments in applied voltage which were ob- | 
tained with a synchronously driven 10-turn potenti- | 


ometer. The Holler bridge [5], used in conjunction 
with the recorder made it possible to balance out 
undesirable resistance in the system. 


2.3. Removal of Corrosion Products 

At the conclusion of exposure, specimens were 
removed from the salt solutions and scrubbed under 
running hot water with a fiber-bristle brush. A 
motor-driven, fiber-bristle brush was used to remove 
corrosion products from the mounting holes. Then, 
the specimens were submerged for 4 hr in a 10- 
percent solution of warm ammonium citrate neutral- 
ized with ammonium hydroxide and again scrubbed 
under hot water. Compressed air was used for 
cleaning and blowing water out of the pitholes. 
Finally, the specimens were vigorously hand brushed 
with a brass-bristle brush, then lightly with a steel- 
bristle brush and weighed. Measurements were 
made of pit depths using a pit-depth gage and also 
of the apparent area affected by corrosion. 


3. Results and Discussion 


The data were recorded automatically and after 
about 2 months of exposure plotted on semiloga- 
rithmic coordinates for interpretation and conven- 
ience as shown in figure 2. The vertical dashes in 
the figure indicate the values of polarizing current 
(J, and J,, cathodic and anodic, respectively) used 
in calculating the corrosion currents 2. The 
values of current J, for the 4 specimens containing 
less than 12 percent Cr (1A through 8A) were 
taken directly from the recorder charts because 
the changes-in-slope (breaks) were more evident 
than on the semilogarithmic coordinates when 
applied current J, was several times the magnitude 
of the current J,. These specimens containing 
chromium, 0 through 11.4 percent, were under 
cathodic control; therefore, the values of J, have 
a greater bearing on the calculated corrosion cur- 
rents than do the values of J,. The transition 
from cathodic to anodic control which occurred 
between 11.4 and 14.3 percent Cr is very evident 
in figure 2. 

The polarization data for the 10 specimens 
having chromium in varying amounts, 0 through 
18 percent, together with calculated and actual 
weight losses resulting from corrosion are given in 
table 2. The electrochemical equivalent, A (foot- 
note c, table 2), used in Faraday’s law for caleu- 
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Figure 2. Polarization curves of some of the Fe-Cr specimens 
after about 2 months exposure to city water containing 3 per- 
cent of sodium chloride. 


) anodic @ cathodic 
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TaBLE 2. Corrosion weight losses calculated from polarization data obtained on iron specimens containing chromium exposed to a 
3-percent sodium chloride solution 


Polarizing current Weight loss ¢ Polarizing current Weigat loss ¢ 
it break in curve ® at break in curve ® 
* _ Corro- 


Specimen Exposure 


a Corro- 
sion > 
time 


Specimen Exposure sion ¢ 
current Calcu- time current Calcu- 
io lated Actua | Cathodic) Anodic io lated 
cumula- , Iq cumula- 
tive tive 


Cat 


odic| Anodic 
7 


} 
I 


mg 
6A(6.8 Cr é 30 
140 
223 


306 


1, 630 


7A(9.0 Cr 
2A (0.6 Cr } 


From 3 to 6 hr after initial exposure 

Calculated weight los Kti, where K=2.8938X10-* g/coulomb, i=i Note: All specimens were completely submerged and exposed ¢ 

average current (amp) for tl eriod (tin sec) between successive readings. The in an open vat containing approximately 265 gal of salt water. 

value of i, at the instant of exposure and at the end of exposure is taken as the initial temperature =68 °F, min=64 ° F 

and final values, respectively as calculated. Weight loss (mg) is approximately 
i 


5 1. For effects of chromium, see the text 


it the same time 
Mean solution 
max=72 °} Area of specimen = 4 ft? 

equal to 25 ti,.; where t=d j m 





lating the weight losses of each specimen is that for 
ferrous iron only. Krystow and Balicki [10] ob- 
served that when 18-8 stainless steel was exposed 
to a 2N boiling nitric and sulfuric acid mixture the 
percentage of the total corrosion attributable to 
iron was above 99 percent. 

The appearance of the Fe-Cr specimens after 
65 days of exposure and after cleaning is shown in 
figure 3. The apparent area corroded and the pit 
depths are given in table 3 to enable one to better 
evaluate the sensitivity of the polarization tech- 
nique of corrosion rate measurement. The corroded 
area of most specimens is readily apparent in figure 

but on a few specimens, e.g., 9A and 10A, pitting 
inakde of the mounting holes accounted for most 
of the weight Evidently, the film on the 
surface of the hole was more vulnerable to oxygen 
deficiency than that on the exterior surface of the 
specimen. Specimens 9A and 10A were under 
anodic control during the entire exposure period 
(table 2). No appreciable corrosion is attrib- 
uted to galvanic action between the suspension 
wires and the specimens as there was no evidence 
of such corrosion on the specimens low in chromium 
(fig. 3) where the effect should be greatest because 
of the greater potential difference between the 
Nichrome suspension wire and the specimen. 


loss. 


TABLE 3 


Appearance after removal of the corrosion products 
ron specimens alloyed with chromium 


of the 


Remarks, pitting 


General corrosion (0-1 mil), except for one pit (10 
mils) in center of specimen 
General coorrsion (0-1 mil 
General corrosion (0-1 mil 
Corrosion on side of rod near top and center (0-5 
mils 
Corrosion in 10 mils 
Corrosion in 10 mils 
lop end of rod corroded, with one pit of 70 mils 
Bottom end pitted around the edge. Corrosion 
from mounting hole down the side about 2 in. 
13 mils). Spots along entire surface (12-35 mils 
Corrosion on top and bottom ends, also on side be- 
low mounting hole for about 1 in, Some corro 
sion inside mounting hole. Several pits (12-56 
mils) on the entire surface 
9A 3 C1 Most corrosion inside of the mounting hole (two 
70 mils Only two small pits (23 and 30 
mils) on the surface 
OA 3Cr l Most corrosion confined to one narrow pit (100 mils 
inside of the mounting hole. Two tiny pits (10 
ind 17 mils) on the side of rod about 2 in. up from 
the lower end, 


spots (0 


spots (5 


pits of 


The film-forming properties of silicon when added 
to stainless steel have been reported on by Rhodin 
[11]. Under the conditions of his experiments, he 
observed remarkable improvement in corrosion 
resistance both from the standpoint of weight loss 
and of pitting when silicon-modified Type 316L 
stainless steel contained silicon in amounts between 
2.41 and 4.67 percent. The effects of silicon have 
been also discussed by Speller [9] and by others. 
The primary reason for including silicon in some of 
the alloys of the present study was to find out 
whether the effects mentioned by other investigators 
could be measured and how the shapes of the polari- 
zation curves would be affected. 


638975-—62 


Figure 3. Ferrous 


alloys containing varying amounts o 
¢ hromi un 


afler 65 days of exposure to salt water and afte 
cleaning 


For composition, see table 1 


Data, similar to those given for the Fe—Cr alloys. 
are given for the Fe-Cr-—Si alloys in table 4. Atten- 
tion gain directed to the fact that the exposure 
period was for 80 days while that for the Fe—Cr 
alloys was 65 days. The two additional specimens 
6AA (7.1 Cr) and SAA (11.1 Cr) have essentially the 
same chromium content as have specimens 6B and 
SB, respectively, except that the former are without 
silicon. It was felt that comparisons could be made 
by including them in the same exposure where effects 
due to silicon might be revealed by polarization 
measurements. 


is a 


Data from both exposures, based on actual weight 
losses and plotted to a common scale, are shown in 
figure 4. A similar comparison, based on polariza- 
tion data obtained during the final 3 weeks of the 
first exposure (without silicon) and the corresponding 
3 weeks of the second exposure period, is shown in 
figure 5. The addition of silicon seems to have had 
the effect of reducing the critical range of chromium 
from 10 to 12 percent to around 2 to 3 percent. The 
somewhat higher corrosion rates of the silicon- 
bearing specimens containing up to 6 percent 
chromium might be attributed to the higher water 
temperature during the second exposure (fig. 4). 
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I ABLE 4. Corrosion we ight losses calculated from polarization data obtained on tron Spectmens containing chromium and silico 
exposed to a 3 percent-sodium chloride solution 


Polarizing current Welsht loss ¢ Polarizing current Weight loss ¢ 
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time current 
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With silicor 4d set of specimens, 
@ Without i | set 


Effect of chromium and of chromium 
cent 


OS88€S8 on a 


of specimens, mean 


solution temp 68 °F, 


mean solution temp 77 °F, 


Comparative polarization data on those alloys 
having about 7 and 11 percent chromium, with and 


silicon, 


without illustrated by figure 6. The 
silicon 


added to have caused a shift: from 
cathodic toward mixed control and lower rates of 
corrosion. This is especially noticeable by compar- 
ing specimens SB and SAA. In general, the data 
appear to indicate that for iron having 8 percent or 
more of chromium, the addition of from 3 to 4 percent 
of silicon is beneficial in further reducing corrosion 
weight loss (fig. 4). 


are 


seems 


The 10 specimens containing silicon are shown 
(corrosion products removed) in the photograph, 
figure 7, after 80 days of exposure. Data on the 
apparent area corroded and remarks on pitting are 
given in table 5. As with the alloys containing no 
silicon, the suspension wires caused no nicking at 
points of contact with the specimens. Four of the 
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, percent corrosion rates (based on polarization 


curves near the end of the ex posure 


per iods to salt water. 


@ Specimens without silicon, based on 3 or 4 pairs 
from 43d through 65th days of exposure, 
, With silicon; @, without silicon, based on 4 pairs of curve 
69th days of exposure, 


iwnodic and cathodic) 


of curves 


s from 48th thr 


specimens (7B, 8B, SAA, and 9B) described in table 
5 are shown during exposure in figure 1 with corro- 
sion products intact. The corrosion products around 
the pits, especially on 9B, are clearly visible in the 
photograph. 

The relation between corrosion potential and 
exposure time for about half of the specimens is 
shown in figure 8. With the exception of specimens 
9A (first set of specimens) and 10B (second set), the 
potentials are relatively constant with time. The 
effects produced by marked changes in potential 
(specimens 9A and 10B) on the polarizing character- 
istics and corrosion rates are shown, respectively, in 
figures 9 and 10. In figure 9, it will be noted that 
the corrosion current, 7,, increased tenfold as the 
corrosion potential shifted from about —0.2 v (11th 
day) to —0.4 v (18th day). The shift in corrosion 
potential was also associated with a change from 
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raABLE 5. Appearance atte emoval of the corrosion produc | 


of the iron specimens containing chromium and silicon 
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Figure 6. Polarization curves of iron specimens having about 
Y and 11 percent chromium (with and without silicon) on the 
Ath day of simultaneous ea posure to salt water. 


O anodic @ cathodic 


anodic to mixed corrosion control. 
10B (fig. 


about 


For specimen 
10), a shift in the corrosion potential of 
100 mv in the anodic direction, between the 
22d and 28th days of exposure, increased the corro- 
sion current threefold; whereas, a change in the 
corrosion potential of about 100 mv in the cathodic 
direction (77th to SOth day) resulted in a threefold 
reduction in the corrosion current. 

The relation between corrosion potential and 
percentage of chromium toward the end of exposure, 
with and without silicon, is shown in figure 11. 
For the data without silicon, the trend of the 
corrosion potential to become more noble, with 
increasing amounts of chromium, was _ irregular 
until the amount exceeded 11.4 percent. It will be 
recalled that it was in excess of 11.4 percent chro- 
mium where the transition from cathodic to anodic 
control occurred with a resultant large reduction in 
corrosion rate (fig. 2); with lesser amounts of chro- 
mium the corrosion rate fluctuated (figs. 4 and 5). 
As for the specimens with silicon (fig. 11), there is 
a regular trend in the potential towards more noble 
values as the percentage of chromium 
above 2.5 percent and also a consistent 


Fe rrous 


increases 
reduction 


FIGURE 7 alloys corrosion products removed) 
containing varying amounts of chromium and silicon (3 to 4 


4 
percent) after SO days of ex posure to salt water. 


For composition, see table 1, 





in the corrosion rates (figs. 4 and 5). The data 
shown in figures 4, 5, and 11 indicate that, with 
about 8 percent or more of chromium, the addition 
of 3.5 percent silicon has the effect of making the 
potential more noble and perhaps advantageously 
affecting corrosion rate. The data resulting from 
the simultaneous exposure of 2 specimens (6AA and 
SAA) without silicon and the specimens with silicon 
having about the percentage of chromium 
tend to reinforce this statement, keeping in mind 
that the salt water temperature was higher than it 
was when the first set of specimens without silicon 
were exposed. 
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4. Summary 


Electrolytic iron alloyed with chromium in varying 
amounts between 0 and 18 percent was exposed for 
65 days to city water having added 3 percent by 
weight of sodium chloride. Similar specimens with 
substantially the same chromium content but having 
in addition between 3 and 4 percent of silicon were 
exposed for 85 days to a new salt solution. 

For both exposures, weight losses calculated from 
average corrosion currents, derived from polarization 
curves obtained periodically, agreed reasonably well 
with the actual weight losses. 
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As the chromium content of specimens increased 
the corrosion control became mixed, that 
influenced by anodic polarization, especially so for 
the specimens with silicon and there was a definite 


is, more 


transition to anodic control between about 11 and 
14 percent chromium. The change from cathodic 
control as chromium content was increased resulted 
in the corrosion beine confined to smaller areas. 
On the specimens having 18 percent chromium, the 
corroded area was apparently about 1 
less of the total area expos d. 


percent or 


The addition of silicon to the alloys seems to have 
had the effect of reducing the critical range (reduction 
in weight loss) of chromium from between 11 to 14 
percent to 8 percent or probably less. 

The critical ranges for chromium were accompa- 
nied by abrupt shifts in corrosion potential in the 
cathodic direction. Marked reductions in corrosion 
rate were associated with shifts of corrosion poten- 
tial to more noble values. 
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A tantalum-tube furnace has been constructed to calibrate and investigate the thermo- 


electric behavior of high-temperature 


thermocouples. 


The furnace and its associated 


equipment were designed with emphasis on features that would assure a high degree of 
accuracy in measurements that are made at high temperatures and also with emphasis on 


trouble-free performance. 


Data that were obtained during furnace operation showed that 
thermocouple depth of immersion into a properly 


designed blackbody is of considerable 


importance if good agreement is to be realized between a calibrated optical pyrometer and a 


calibrated thermocouple that has been placed in the hot zone 


of the furnace. High-purity 


helium gas can be used in the furnace to keep thermocouple contamination to a minimum. 


1. Introduction 


Furnaces consisting of a single metal tube which 
is heated to temperatures as high as . 7 have 
been reported in the literature [1, a, 4, 8) 3 
Although all of these furnaces have the same nc 
design, each has minor modifications that adapt it to 
a particular type of high-temperature work. Nadler, 
Runyan, and Kempter [1], for example, designed a 
furnace with emphasis on its ability to operate in a 
vacuum or in an inert or reducing gas up to a pressure 
of 100 atm. The furnaces described by Sims, 
Gaines, and Jaffee [4] and by Lachman and Kuether 
[5] were designed specifically for thermocouple 
calibrations. 


Some of the features that are essential in the design 
of a high temperature’ thermocouple calibrating 
furnace are, (1) The thermocouple should be freely 
suspended in the hot zone of the furnace. Any ob- 
structions along the entrance path into the furnace 
would require undesirable bending of the thermo- 
couple wires and could conduct heat away from the 
wires which might result in an erroneous calibration. 
Also, any materials that are placed in contact with 
the \hermocouple at high temperatures could bring 
about solid state reactions between the thermoele- 
ments and these materials with resulting local diffu- 
sional contamination of the thermoelements. (2) The 
measuring junction of the thermocouple should be 
contained in a blackbody enclosure with provisions 
for viewing the radiation emanating from the enclo- 
sure. This arrangement is essential since the Inter- 
national Practical Temperature Scale of 1948 above 
1,063 °C is defined in terms of blackbody radiation 
[6]. If this blackbody radiation is observed with a 


| 
| 
| 
| 
| 
| 


calibrated optical pyrometer [7], the temperature of | 


the measuring junction of the thermocouple can be 
accurately determined. However, if the radiation 
in the vicinity of the thermocouple measuring junc- 
tion is not blackbody radiation, an emissivity correc- 


tion must be applied to the optical pyrometer read- | 


—_—_—_— 


1 Figures in brackets indicate the literature references ¢ a the end of this paper. 
2 High temperature meaning between 1,000 and 3,000 


ings. In many cases, emissivity corrections cannot 
be accurately determined. (3) The temperature 
| profile along the thermocouple wires should be as 
follows: The me: suring junction and a specific 
length * of the thermocouple wires leading directly 
from the junction should be in a region of uniform 
temperature. Without this temperature uniformity, 
it is likely that a significant amount of heat will be 
conducted away from the measuring junction along 
the thermocouple wires thus causing the thermo- 
couple to indicate a temperature whic h is lower than 
its environment. From this uniform temperature 
region to the water cooled shell of the furnace, the 
temperature should decre: uniformly with no 
sharp temperature gradients existing at or near the 
thermocouple wires. Freeman [8] observed signifi- 
cantly large differences in the emf developed by 
thermocouples when the thermocouple wires were 
subjected to extreme gradients from the emf devel- 
oped by the same thermocouples under normal 
gradient conditions. (4) At temperatures in the 
2,000 °C region (and higher), a furnace should be 
designed to allow the thermocouple to be suspended 
free from any electrically insulating or supporting 
materials in the hot zone. The electrical resistivity 
of known available materials in this temperature 
range becomes quite low and can give rise to a short 
circuiting effect between the thermocouple wires. 
(5) The furnace design should be such that all internal 
parts can be easily out-gassed or baked out in order 
to maintain a high vacuum or clean atmosphere dur- 
ing calibration runs. calibrations are performed 
in an inert atmosphere, the inert gas that is used 
should be of research grade quality. Some inert 
gases of “commercial grade’”’ quality have relatively 
large percentages of impurities and these impurities 
can have a serious effect on the physical and chemical 
properties of a thermocouple at high temperatures. 
Refractory oxides should be eliminated from the 
interior of the furnace wherever possible since such 
materials usually continue to out-gas for long periods 
of time. (6) The thermal inertia of the furnace 

3 The length of the thermocouple wires that should be at a uniform temperature 


depends primarily upon the diameter of the wires. The length that is nee« 
0.020 in. diam wires is discussed later in this paper. 
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should be such that any desired temperature can be 
reached in a relatively short time. When a desired 
temperature has reached, thermal stability 
throughout the furnace should prevail shortly 
thereafter. 


been 


2. Furnace 


A high temperature tantalum tube furnace has 
been built at the National Bureau of Standards to 
investigate and calibrate thermocouples and thermo- 
couple materials at temperatures up to 2,200 °C. 
In constructing the furnace considerable emphasis 
was placed on a design that would entail all of the 
above mentioned features. The heater in the furnace 
is a seamless tantalum tube* with an outside diameter 
of 1.0 in., a wall thickness of 0.020 in. and an overall 
length of 18.25 in. Its electrical resistance is 0.0022 
ohm at room temperature and 0.0126 ohm at 2,200 
°C. =A thermal expansion joint (15, fig. 1) was made 
in the upper section of the tube by cutting the tube 
lengthwise into six sections and then spreading the 
sections to form wedge-shaped “arms.’’ Both the 
upper and lower tantalum rings (14 and 32, fig. 1) 
were “electron beam’’ welded to the ends of the 
tantalum tube. The lower tantalum ring is bolted 
to a water-cooled square copper plate (33, fig. 1) 
which contains an O-ring gasket on the underside. 
By removing the bottom plate bolt (34, fig. 1), the 
tantalum tube and top plate can be removed from 
the furnace shell. 

In the initial design of the furnace, it was calculated 
that blackbody conditions would prevail inside of the 
tantalum tube at the level of the sighting hole (28, 
fig. 1) provided that a tantalum tube was selected 
with proper dimensions. In order to evaluate this 
calculation a calibrated Pt 6 percent Rh versus Pt 
30 percent Rh thermocouple was placed inside of the 
tantalum tube with its measuring junction at the 
level of the sighting hole. A standard Pt versus Pt 
10 percent Rh thermocouple was not used in this 
instance since the platinum element showed various 
degrees of instability which was probably due to 
tantalum or molybdenum vapor contamination. A 
considerable amount of data was taken at tempera- 
tures in the 1,000 to 1,200 °C range in which the 
calibraced thermocouple emf readings and the cali- 
brated optical pyrometer® readings were made 
simultaneously. The data showed that the tempera- 
ture indicated by the thermocouple was from 4 to 5 
deg lower than the temperature indicated by the 
optical pyrometer. Comparisons between the cali- 
brated thermocouple and the optical pyrometer at 
temperatures above 1,200 °C were not made since 
there was no readily available method for calibrating 
a thermocouple above this temperature to an accuracy 
better than +1.0 degC. A good agreement between 
the thermocouple and the optical pyrometer in a 

4 The tube was obtained from the Fa 
Chicago, Ill 

§ The optical pyrometer t 
pyrometer that was calibrat 


lamp current A higher accuracy ¢ 
calibrated and us« I ner 


steel Metallurgical Corporation, North 
his work was a modified commercial optical 
of temperature versus optical pyrometer 
n often be realized with an optical pyrometer 


din tl 


i 
| 
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furnace of this type is extremely important at lower 
temperatures (1,000 to 1,200 °C) since a discrepancy 
of 4 or 5 deg C may increase to 10 or 15 deg C at 
temperatures in the 2,000 °C region. 

To make certain that this 4 to 5 deg C discrepancy 
was not due to calibration errors in the optical 
pyrometer, a careful calibration check was made 
between the optical pyrometer in question and the 
Fairchild optical pyrometer ® at NBS. About a half 
dozen observations were made by each of several 
experienced observers on both instruments and the 
average of their observations showed that the two 
optical pyrometers agreed within 0.2 deg at 1,170 °C. 
This eliminated the possibility of a sufficiently large 
calibration error in the optical pyrometer in question. 
In addition, the Pt 6 percent Rh versus Pt 30 percent 
Rh thermocouple that was used was recalibrated to 
determine whether the discrepancy could have 
resulted from a calibration change in the thermo- 
couple. The second calibration indicated a thermo- 
couple emf change of less than 0.3 deg at 1,100 °C, 
It was therefore concluded, contrary to initial caleu- 
lations, that either blackbody conditions did not 
prevail inside of the tantalum tube or that the 
thermocouple indicated a lower temperature because 
of heat loss upward from the thermocouple measuring 
junction. 

In order to resolve this discrepancy, it was felt 
that a separate blackbody cavity contained within 
the central portion of the tantalum tube might be a 
possible solution to the problem. This blackbody 
cavity would provide a longer isothermal region in 
the vicinity of the thermocouple measuring junction. 
Blackbody cavities of various shapes and dimensions 
were fabricated and placed inside of the tantalum 
tube for evaluation in the 1,000 to 1,200 °C range. A 
molybdenum blackbody (fig. 2) in the shape of a 
cylinder crucible containing a thorium oxide lid was 
found to bring about the best agreement between the 
thermocouple and the optical pyrometer. The 
thorium oxide lid serves to electrically insulate the 
thermocouple wires from the walls of the molybde- 
num blackbody at low furnace temperatures. As it 
was stated in the introduction, the resistivity of 
insulating materials becomes quite low at tempera- 
tures above 2,000 °C and thorium oxide is not an 
exception. However, if the thermocouple wires come 
in contact with the thorium oxide lid at temperatures 
above 2,000 °C, there is an immediate indication of 
a partially rectified a-c voltage’ on the galvanometer 
in the emf measuring circuit. When this occurs the 
thermocouple wires can be manually repositioned 
(through the thermocouple wire seals) until the wires 
hang freely in the center hole of the thorium oxide 
lid. The molybdenum blackbody is supported inside 
of the tantalum tube by four tungsten wires (0.030 
in. diam) that are attached to the top plate of the 
furnace. The uniqueness of this design is that as the 


6 The NBS Fairchild optical py 
“The NBS Optical Pyrometer” 
Fairchild of NBS and is used 
pyrometer lamps submitted for « 

7 The a-c voltage applied to tl 
by the thorium oxide 


rometer, also referred to in the literature [7] as 
rh precision instrument designed by C, O, 
for testing other optical pyrometers and 
tion 

ice heating element is partially rectified 


it NBS 
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Figure |. 


Caps for making vacuum tight seals around thermo 
couple wires. A cylinder type neoprene gasket is 
compressed a:ound thermocouple wires 

Kovar metal tube 

Dome made of #7052 glass providing electrical insula- 
tion for thermocouple elements. 

Neoprene O-ring gasket 

lop plate extension (brass) 

Aluminum oxide radiation shield 

Ionization vacuum gage. 

Thermocouple vacuum gage, 

7052 glass tube providing electrical insulation for 
thermocouple elements. 

Chamber for water flow during furnace operation. 
Electrically insulating spacers. 

Power supply terminal 

Removable top plate (brass) 

fantalum spacing ring providing electrical contact 
between top plate and tantalum tube. 

Thermal expansion joint of tantalum tube, 

Copper tubing for water cooling. 

Auxiliary radiation shield, 
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0 FFUSION PUMP 
AND MECHANICAL PUNP 


Tantalum-tube furnace. 


Furnace shell (brass). 

First radiation shield, 0,020 in. tantalum sheet rolled 
into a cylinder and secured with tantalum rivets. 
Second radiation shield, (0,020 in, molybdenum.) 
rhird radiation shield. (0.020 in. molybdenum 
Fourth radiation shield, (0.010 in. molybdenum 
Liquid nitrogen trap 

Metal bafile plates at liquid nitrogen temperature. 
Liquid nitrogen chamber 

Vacuum chamber. 

Pyrex glass window 

Hole (0.045 in, diam) for sighting with optical pyrom- 
eter. 

Molybdenum blackbody 

Tantalum tube. 

Inert gas entrance 

Tantalum rings for electrical contact. 

Removable copper plate for electrical contact. 
Hex-head nut for tightening copper plate again 
O-ring gasket 

Bottom plate (brass), 





temperature of the furnace is increased or decreased, 
the thermal expansion or contraction of the tungsten 
support wires and of the thermocouple wires is 
nearly equal and thus the depth of immersion of the 
thermocouple into the blackbody remains nearly 
constant. 

The data obtained with this molybdenum black- 
body indicate that at least 2 in. of the thermocouple 
at the measuring junction end must be contained 
within the blackbody to obtain good agreement with 
the optical pyrometer. With a thermocouple immer- 
sion of 2 in. into the molybdenum blackbody, the 
differences observed between the calibrated thermo- 
couple and the optical pyrometer were 0.4 deg at 
1,000 °C, 0.3 deg at 1,100 °C, and 0.3 deg at 1,200 °C. 
These figures represent an average of many observa- 
tions made at the respective temperatures and are 
well within the combined estimated uncertainties of 
the thermocouple and the optical pyrometer. 

A thermocouple that is to be calibrated in the 
furnace against the optical pyvrometer is suspended 
from two thermocouple wire seals (1, fig. 1) directly 
above the tantalum tube. The thermocouple hangs 
freely inside of the tantalum tube with its measuring 
junction at the level of the sighting hole. The only 
material in contact with the thermocouple wires Is 
an aluminum oxide disk (6, fig. 1) which serves as a 
radiation shield. The thermocouple wires are 
threaded through two holes in this disk. Since the 
aluminum oxide disk is small in size and remains 
relatively cool during furnace operation, its out-gas- 
sing or contaminating effects are negligible. 
ary thermocouple seals (1, fig. 1) are located in the 
top plate of the furnace. Thermocouples or thermo- 
elements can be brought into the furnace through 
these seals and held mechanically on the outside of 
the tantalum tube near the Jevel of the sighting hole. 
If thermocouples are placed outside of the tantalum 
tube, the three inner radiation shields (19, 20, and 
21, fig. 1) are removed from the furnace and a differ- 
ent set of shields is used. The top plate contains a 
total of six auxiliary seals through which three 
thermocouples or six thermoelements can be brought 
into the furnace with all of the elements fused at one 
common junction. 


Auxili- 


This arrangement of six auxiliary 
seals is useful if two test thermocouples are to be 
compared or calibrated against a standard thermo- 
couple. The arrangement is also useful if six 
thermoelements of the same type are to be statis- 
tically compared one against another. In the latter 
exainple, the exact temperature of the junction of 
the thermoelements need not be known. 
Thermocouples can be calibrated in the furnace 
either in a high vacuum or in a purified inert atmos- 
phere. Once the internal parts of the furnace have 


been out-gassed and the liquid nitrogen trap is put 
to use, a vacuum in the order of 0.1 to 0.01 yu of 
mercury can be maintained when all parts of the 


furnace are at room temperature. When the furnace 
is operating at a high temperature, a vacuum of 
between 1 and 10 uw of mercury can be obtained by 
continually pumping on the system and by using 


§ This is the case for at iple wire diameter of 0.020 in. 
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FIGURI Volybdenum blackbody. 

the liquid nitrogen trap and oil diffusion pump. A 
purified inert gas can be released into the furnace 
chamber through the inert gas inlet (31, fig. 1). 


3. Inert Gas Purifiers 


The emf developed by a thermocouple is directly 
related to the chemical composition and metallurgical 
structure of its elements. If an inert gas tha’ is 
used in a thermocouple calibrating furnace contains 
impurities, the hot thermocouple elements may have 
an affinity for these impurities and consequently the 
chemical composition and metallurgical structure of 
the thermocouple may be affected. If the thermo- 
couple is affected by these impurities, it will exhibit 
an asymptotic drift in emf as long as it remains in 
this environment. For this reason, two inert gas 
purifiers (fig. 3) are included as auxiliary equipment 
for the tantalum tube furnace. The major impurities 
in commercially obtained helium are oxygen, hydro- 
gen, and nitrogen with perhaps small amounts of 
carbon dioxide and carbon monoxide. According 
to Richardson and Grant [9] large amounts of 
oxygen and nitrogen are absorbed by titanium metal 
between 800 and 1,000 °C. Likewise, zirconium 
metal between 300 and 400 °C will absorb large 
quantities of hydrogen and oxygen as reported by 
Gulbransen and Andrew [10]. Thus, one purifier 
containing titanium metal chips and one containing 
zirconium metal chips are used to purify the inert 


gas used in the furnace. The use of an inert gas of 
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FIGURE | Inert gas purifier 


Pressure-vacuum gage Chrome] 
Copper water-cooling coils ing. 
Inert gas entrance 2. Threaded aluminum oxide tube 
Stainless steel tubing 13, 14. Chromel-alume] or platinum- 
Stainless steel top plats platinum 10 percent rhodium 

). Stainless stee] flange thermocouple 
. Neoprene O-ring gasket 5. Brass outer shell, 
. Outer wall of stainless stee] tank. Stainless steel screen. 

9. Inner wall of stainless steel tank 7. Inert gas exit, 

10, Chamber for titanium or 
ium chip 


A 18 AWG heater wind 


zircon 


high purity also serves in maintaining a longer life 
for the tantalum heating element. For economic 
reasons helium was chosen to be used in this applica- 


FiGuRE 4. Furnace and associated equipment, 


tion. According to the manufacturer, the purity of 
the helium before it enters the two purifiers is 99.99 
percent. 

The two inert gas purifiers are connected in series 
(fig. 4) such that the gas entering the first purifier 
also passes through the second purifier before enter- 
ing the furnace chamber. It can be seen that the 
inert gas is given a “double treatment” as far as 
oxygen removal is concerned. In most calibrations 
where the thermocouples are to be heated in a helium 
atmosphere, a quantity of helium is allowed to 
remain in each purifier from 3 to 6 min with the 
titanium and zirconium chips at optimum tempera- 
tures for the removal of impurities. In an applica- 
tion where high purity is not of the essence, the 
inert gas can flow through the purifiers at a slow rate. 


4. Furnace Power Supply 


Electrical power is supplied to the tantalum tube 
furnace through a 30 kva saturable core reactor and 
a step-down transformer of 12:1 ratio. Input volt- 
age to the reactor is 200 v at 60 cycles, single phase. A 
modified commercial controller is used to manually 
select a voltage that is needed to maintain a specific 
furnace temperature. Once this voltage has been 
selected (by varying a 0 to 5 ma d-c current) the 
controller automatically maintains that voltage to 
within a close tolerance via a feedback signal from 
the transformer primary winding. With a stable 
supply voltage, the furnace temperature is held very 
nearly constant for reasonably long periods of time. 
However, since a thermal sensing device is not incor- 
porated in this type of automatic control, it is 
necessary to maintain a steady flow of water to the 
furnace for cooling purposes. If the flow rate is not 
constant, noticeable temperature fluctuations may 
result. 

During some of the initial test runs, the furnace 
was allowed to stabilize at a given temperature for 
30 min and then the temperature fluctuations over 
a 10-min interval were observed with a thermocouple 
placed inside of the tantalum tube with the measur- 
ing junction in the molybdenum blackbody. The 
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maximum fluctuations deduced from thermocouple 
readings during the 10-min interval were 0.2 deg at 
1,140, 0.5 deg at 1,510, and 4.2 deg at 2,115 °C. The 
fluctuations at 2,115 °C were decreasing with respect 
to time at the end of the 10-min interval and were 
partly attributed to thermocouple instability §re- 
sulting from inadequate annealing of the thermo- 
couple. If the thermocouple had been allowed to 
anneal at the high temperature for a longer period 
of time, the fluctuations would have been 
Starting from room temperature, a furnace tempera- 
ture of 2,200 °C can be obtained in less than 5 min. 
However, this fast heating rate is rarely brought 
about during thermocouple calibrations since a 
longer period of time is needed to bring about thermal 
stability. A power of approximately 17 kw is re- 


less. 


quired to maintain a furnace temperature of 2,200 °C, 


The author acknowledges the contributions made 
by R. J. Corruccini, National Bureau of Standards, 
Boulder, Colo., in the design of various parts of the 
furnace. 
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The total hemispherical emittance of specimens of three alloys, Inconel and types 321 


and 430 stainless steel, 
in the range 200 to 1,000 °C 
conditions were (1) polished, 
blasted and then oxidized, 
coating N-143. 


by 


The total hemispherical emittance was markedly 


in six different surface conditions, 
a modification of the hot filament method. 
(2) sandblasted, 
(5) coated with NBS coating A-418, and (6) coated with NBS 


was evaluated at te mperatures 
The surface 
(3) polished and then oxidized, (4) sand- 


affected by the surface treatment. 


In general emittance was low for polished specimens, intermediate for sandblasted specimens 
and high for oxidized or ceramic-coated specimens of each alloy. 


1. Introduction 


Total hemispherical emittance is the amount of 


radiant energy emitted, per unit area and time, 
expressed as a fraction of that emitted by a black- 
body or complete radiator under the same conditions. 
When this property of a specimen has been meas- 
ured, the rate of heat dissipation by radiation of the 
specimen at any temperature for which data are 
available can be computed. 

The total hemispherical emittance of a specimen 
is affected by its chemical composition, internal struc- 
ture and surface texture, and if a specimen of 
given material is not completely opaque to the emit- 
ted radiant energy, its emittance is also a function 
of its thickness. 

The present investigation was undertaken to study 
the effect of surface treatments, including the appli- 
cation of several thicknesses of ceramic coatings 
A-418 and N-143, on the total hemispherical 
emittance of specimens made from three alloys. 


2. Description of Material 


The three alloys studied were Inconel, 
stainless steel, and type 430 stainless steel. Inconel 
is an austenitic alloy, nominally 80 percent nickel, 
14 percent chromium, and 6 percent iron, that is used 
for those high-temperature applications in which an 
alloy of good oxidation and corrosion resistance is 
required, and moderate high-temperature strength is 
acceptable. Type 321 stainless steel is an austenitic 
alloy, nominally containing 18 percent chromium and 
8 percent nickel, that is stabilized with titanium 
to inhibit intergranular corrosion at elevated tem- 
peratures. Type 430 stainless steel is a ferritic alloy 
that contains nominally 17 percent chromium. 

Two ceramic coatings were used, NBS coatings 
A-418 and N-143. ‘These have been previously 
described [1, 2].!_ The frit and batch compositions are 


type 321 


1 Figures in brackets indicate the liturature references at the end of this paper, 


| 
| 
| 
| 





| of a boron-free barium beryllium sili 


given in table 1. Coating A-418 consists of an alkali- 
free barium borosilicate frit, with a refractory mill 
addition of chromic oxide. Coating N-143 consists 
vate frit with a 
refractory mill addition of cerium oxide. 


TABLE 1 


Computed frit compositions 


Weight percent in frit 
Oxide No. 


Coating mill batch compositions 


Parts by weight in 


Material coating 


N-143 


Frit 435- 

Frit 332_. 

CeO:.. 

Cr203 

Cc lay- 

Firing temper: iture 


3. Preparation of Specimens 


The Inconel and type 321 stainless steel were 
received in the form of dull-finished sheets approxi- 
mately 30 in. wide by 8 ft long. The type 430 stain- 
less steel was received in the form of coiled strip, 2 
in. wide. The strips had a highly polished surface. 
Several different thicknesses were used. 
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The sheet metal was sheared into strips 20 cm 
long by 6.35 mm wide (8 by % in.). These strips 
were then mounted in « special jig, in lots of 20 to 
100, and the edges were ground on a surface grinder 
until the sides were parallel to within +0.013 mm 
over the center 10 cm of each strip. 


3.1. Polished and Sandblasted Specimens 


Polished specimens of Inconel and type 321 stain- 
less steel were prepared by electropolishing; the pro- 
cedure used is outlined in table 2. Because the type 
430 stainless steel was received in the form of highly 
polished strip, no further polishing was required. 
ocedure 


TaBLE 2. P for electropolishing 


Inconel and type 321 stainless steel 


{690 ml Hs3PO, (concentrated). 
,300 ml H2SOz3 (concentrated). 
1100 ml HO. 

Current density *. 1-2 amp/in.2 

rime *.__- 5-10 min 

Temperature. 89-100° F, 

Cathode * Type 321 stainless steel. 


Electrolyte... 


* Time and current de vary with initial condition of 
the surface. 


Two cathodes, one or 


nsity 


1 each side of specimen, 


Sandblasted specimens of each alloy were prepared 
by blasting with 60-mesh fused alumina grit, at an 
air pressure of approximately 75 psi. Care was taken 
in blasting to avoid excessive warpage of the thinner 
specimens. 

Three thermocouples were welded to each un- 
coated, unoxidized specimen. Very shallow grooves 
were inscribed perpendicular to the axis of the 
specimen, one at the midlength of the specimen, 
and one 13 mm from the midlength on each side. 
Wires were laid in these grooves in order to position 
them accurately before welding. The 0.127 mm 
diam Chromel and Alumel thermocouple wires were 
separately welded to the specimen by means of an 
electronic condenser-discharge type of spot welder. 
The welds forming each thermocouple were about 
3 mm apart. The Chromel leads from the outside 
thermocouples were used as the voltage taps. 


3.2. Oxidized Specimens 


Eight specimens of each alloy, in the polished and 
sandblasted condition, respectively, were prepared 
and marked for identification. The width, length, 
thickness of specimen was accurately 
measured, and it was weighed to the nearest 0.1 mg. 
these specimens were then oxidized in air in an 
electrically heated furnace at a temperature of 
1,000+5 °C for times of \, 1, 3, 5, 10, 20, 40, and 
80 hr. One specimen of each alloy in each condition 
was removed at the end of each period of oxidation. 
All of the specimens remaining in the test were 
weighed at the end of each oxidation period. 

After oxidation, the oxide layer was removed from 
both sides by grinding each specimen for a distance 
of about 25 mm at each end, to ensure good contact 
with the electrodes. Also, a light scratch was made 


and each 


through the oxide at the three areas where the 
thermocouples were to be attached. The thermo- 
couple wires were then welded in place, as described 
above. 


3.3. Coated Specimens 


The ceramic coatings were applied, by dipping, 
to sandblasted specimens to which thermocouples 
had been welded. It was found that when the coated 
specimens were fired in a furnace to mature the 
coatings, the thermocouple leads oxidized excessively. 
To eliminate this difficulty the coated specimens 
that were used were fired in air, heated by an electric 
current passed through them. 


4. Experimental Procedure 


The equipment and procedure for evaluation of 
total hemispherical emittance has been described in 
a previous publication [3]. Only a brief summary 
will be given here. 

The specimen was heated in a vacuum of 4 107° 
mm of Hg or less by passing a current through it. 
The test conditions were such that essentially all of 
the heat dissipation from the area at and near the 
midlength of the specimen was by radiation. The 
power input to, and temperature of, a small length 
(approximately 25 mm) of known dimensions near 
the midlength of the specimen and the temperature 
of the walls of the chamber surrounding the hot 
specimen were measured. The total hemispherical 
emittance was then computed from these values 
by means of the following relationship derived from 
the Stefan-Boltzmann equation: 


E= VI 

© Aocl(Ti-T} 

in which #=total hemispherical emittance 
V=voltage drop between voltage taps 
T=current flowing through specimen 
{surface area of specimen between volt- 

age taps 

o=Stefan-Boltzmann constant 
7,=temperature of specimen, °K 
T,=temperature of shell, °K. 


In these determinations the specimen was held 
at one power input only long enough for its temper- 
ature to stabilize, and the changes in emittance that 
occurred on long-time heating in vacuum were not 
followed. The time that each specimen was held 
at each power input usually was less than 10 min, 
and in many cases the time was less than 5 min. 
While some changes in emittance undoubtedly did 
occur in these short times, the magnitude of the 
changes was less than 2 percent, except where noted. 


5. Results and Discussion 


Data for Inconel are shown in figures 1, 4, and 7; 
for type 321 stainless steel in figures 2, 5, and 8; and 
for type 430 stainless steel in figures 3, 6, and 9. In 
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each case open symbols indicate data points that 
were obtained during the heating cycle, and filled 
symbols indicate data points that were obtained 
during the cooling cycle. 


5.1. Polished Specimens 


The data for the polished specimens, figures 1, 2, 
and 3, show that there was very little difference in 
the emittance of the three alloys in this condition. 
They all had total hemispherical emittance on the 
order of 0.20 to 0.28, increased in emittance with an 
increase in temperature, and showed no evidence of 
& permanent change in emittance on heating in 
vacuum for the times required to complete the evalu- 
ations. The total hemispherical emittance of the 
polished Inconel was slightly higher at 400 °C and 
below, and slightly lower at 600 °C and above, than 
that of the type 321 and type 430 stainless steel 
specimens. 


5.2. Sandblasted Specimens 


The data for the sandblasted specimens are shown 
in figures 4, 5, and 6. In general there was little 
difference between the emittances of the different 
alloys in this condition. They all had total hemi- 
spherical emittance on the order of 0.5 to 0.65, and 
the emittance of each alloy increased with temper- 
ature. There was no indication that heating in 
vacuum at temperatures below 800 °C for the times 
required to complete the evaluations produced any 
permanent change in emittance. None of these 
sandblasted specimens showed any visual evidence 
of an oxide film formation after completion of the 
tests. 

The total hemispherical emittance of each of the 
alloys in the sandblasted condition was permanently 








reduced by heating in vacuum at temperatures above 
800 °C, even for the short times required to complete 
the evaluations. When a time of approximately 10 
min elapsed between successive evaluations, as in 
specimens 74 and 76 in figure 4, specimens L and»M 
in figure 5, and specimen R in figure 6, the total 
hemispherical emittance was reduced on the order of 
0.25 to 0.30. When the time between successive 
readings was reduced to about 5 min, specimens E 
and B, figure 4, the amount of the reduction in 
emittance was on the order of 0.15. 

The observed reduction in total hemispherical 
emittance of sandblasted metal specimens on heat- 
ing in vacuum was previously reported [3] to be due 
to volatilization of chromium, which was accom- 
panied by a polishing action on the surface, some- 
what similar in appearance to electropolishing. At 
temperatures below 620 °C, specimens oxidized even 
at a pressure of 9X10-°mm of mercury and emittance 
increased ; at temperatures of 795 °C or above, the 
oxide dissociated and chromium volitalized, and the 
emittance decreased. 


5.3. Oxidized Specimens 


The data for the specimens that had been polished 
and then oxidized are shown in figures 1, 2, and 3, 
and for the specimens that had been sandblasted 
and then oxidized in figures 4, 5, and 6. In every 
case the oxidation treatment greatly increased the 
total hemispherical emittance. Also in every case 
but one the emittance of each oxidized specimen 
increased with an increase in temperature. 

Apparently the oxide film formed during oxidation 
at 1,000 °C in air for 30 min was not completely 
opaque for any of the alloys studied, in either the 
polished or sandblasted condition. This is indicated 
by the observation that emittance increased with 
time of oxidation, at least for the first few hours. 

The weight gain, in mg/cm’, is plotted as a func- 
tion of oxidation time for Inconel in figure 10, for 
type 321 stainless steel in figure 11, and for type 
430 stainless steel in figure 12. The computed 
thickness of the oxide layer, in microns, is also 
indicated on these figures. The computation was 
made on the following assumptions: (1) The oxide 
has a density of 5.2g/em*.? (2) The specimen is 
flat, i.e., the area of the oxide layer was computed 
from the measured length, width, and thickness 
of each specimen, and (3) the oxide layer is of 
uniform thickness. All of these assumptions ar’ in 
error, usually in the direction that would tend to 


| give high values for the computed thicknesses, but 


the computed thicknesses nevertheless serve to give 
a rough approximation of the thickness of the oxide 
layers, and a much better approximation of the 
relative thicknesses of the oxide layers on different 
specimens of any one alloy in a single surface 
condition. 

In the case of electropolished Inconel, figure 1, the 
emittance increased with time of oxidation for at 
~ 2 The exact density of the oxide layer is not easily determined. It may vary 
with the time of oxidation, and it is probably different for the three alloys used 


in this investigation. The value of 5.2 was selected as a lower limit on the basis 
of published values of the densities of oxides that may be present. 


265 





) 


LAYER 
os P| Ty 
roy re) C 


rs 


w 


THICKNESS OF OXIDE 


r 


SOMPUTED 











5 ; 4 10 a 


TIME IN HOURS OF OXIDATION IN AIR AT 


Ficure 10 
of the 


the as-received 


Weight gain, in and compute d thickness 


magjcm*, 


ore layer, im microns, oO; Specimens of Inconel, un 


and sandblasted conditions. plotted as a 


inction of time of oxidation in air at 1,000 °C. 


AYER, pu 
0) 


a 


E 
o> 
E 


DE 








COMPUTED THICKNESS OF OXI 





10 20 
OXIDATION IN AIR AT 


Weight gain, in mag/cm?, and computed thickness 


FicurRE 11 


of the oxide layer, in microns, of specimens of type 521 stain- 


ess slee nthe 


ste electropolished and sandblasted conditions, 
plotted as a netion of ne of oxidation in air at 1,000 °C, 
least 40 hr. The emittance of specimens oxidized for 
imes longer than 40 hr was not determined. The 
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The increase in emittance with time of oxidation 
of the electropolished Inconel could be due to the 
increase in thickness of the oxide layer, to a gradual 
increase in rouchness of the surface and/or a gradual 
change in the composition, crystal form, or physical 
condition of the oxide laver. X-ray diffraction pat- 
terns were made of the specimens that had been oxi- 
dized for periods of \%, 5, 10, and 40 hr. All of the 
patterns showed the oxide to consist of a nickel- 
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chrome spinel, NiO, and Cr,O;. The X-ray patterns 
for the spinel and for FeO, are practic ally indistin- 
guishable; however, from thermodynamic considera- 
tions, the presence ‘of Fe,O, is unlikely. No signifi- 
cant differences in composition or crystal form were 
found and no marked increase in roughness was ob- 
served; hence it is believed that for electropolished 
Inconel the increase in emittance with an increase 
in time of oxidation is due to the increase in thick- 
ness of the oxide layer. 

In the case of sandblasted Inconel, figure 4, there 
was an increase in emittance with time “of oxidation 
up to 5 hr, but there was no significant increase in 
emittance on increasing the time of oxidation from 
5 to 10 hr. This difference in behavior of the oxide 
layers on electropolished and sandblasted Inconel 
was somewhat puzzling, and called for an explanation. 

The weight-gain oxidation data in figure 10 shows 
that the computed thickness of the oxide layer on 
the electropolished Inconel that had been oxidized 
for 40 hr was on the order of 4 » while that of the 
sandblasted Inconel that had been oxidized for 5 
hr was only about 2 ». Actually the difference in 
true layer thickness is much greater than is indicated 
by these computed values. Measurements made in 
another study [4] showed that the sandblasting 
treatment increased the surface area by about 
50 percent; hence, on this basis, the average thickness 
of the oxide laver on the sandblasted specimen would 
be more nearly 1.3 than 2 yu. Obviously thickness 
differences not account for all the observed 
difference in emittance behavior between specimens 
that had been electropolished and sandblasted 
before oxidation. The effect of surface roughness 
on emittance noted on the unoxidized specimens 
will, of course, persist in the oxidized specimens. 

An X-ray diffraction pattern was made of a 
specimen sandblasted Inconel that had been 
oxidized in air at 1,000 °C for 10 hr. This is com- 
pared in figure 13 to a similar pattern from a 
specimen of electropolished Inconel that had been 
oxidized in air at 1,000 °C for 10 hr. The curves 
show that NiO major constituent of the 
oxide layer on the electropolished Inconel, but was 
not identified such in the oxide layer on the 
sandblasted specimen. Similar differences in the 
NiO content of the respective oxide scales were 
found in a previous study [5]. 

It is believed that 
composition of the 
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was a 


aus 


these observed differences in 
oxide formed on sandblasted 





| showed very little 


and polished Inconel satisfactorily account for the | 


observed difference in emittance behavior. Ap- 
parently the oxide layer containing NiO as a major 
constituent requires a much greater thickness to 
become opaque than does the NiO-free oxide layer. 

The data for oxidized type 321 stainless steel 
suggest that the oxide layer on the electropolished 
specimens, figure 2, became essentially opaque after 
3 hr of oxidation. The total hemispherical emittance 
of a specimen oxidized for 3 hr was appreciably 
ereater than that of a specimen oxidized for % hr, but 
no difference in emittance was found between speci- 
mens oxidized for 3 and 5 hr, respectively. 


| 
| 
| 
| 


In the case of the sandblasted type 321 stainless 
steel, figure 5, the picture becomes more complex. 
The total hemispherical emittance of all sandblasted 
oxidized specimens was greater than 0.75. The emit- 
tance of the specimen oxidized for 1 hr was appreci- 
ably greater than that of the specimen oxidized for 
hr, but the emittance decreased on continued oxi- 
dation until the emittance at some temperatures 
after 10 hr of oxidation was lower than that after 

¢ hr of oxidation. In this case there was a change 
in the appearance of the oxide layer with continued 
oxidation, which suggests that the composition or 
structure of the oxide was changing. Small flakes 
of oxide began chipping from the corners of the 
specimens after about 3 hr of oxidation, and severe 
flaking occurred after 40 hr of oxidation. Such a 
decrease in emittance could also result from a de- 
crease in roughness of the sandblasted surface with 
continued oxidation, which did occur to some extent. 

In the case of type 430 stainless steel rather marked 
changes in the oxide layer occurred as oxidation pro- 
gressed. The as-received specimens, figure 3, in- 
creased in emittance with time of oxidation up to 
5 hr, but the emittance decreased appreciably, espe- 
cially at the higher temperatures, on further oxidation 
for an additional 5 hr. It is interesting to note that 
the total hemispherical emittance of specimen A-5 
that had been oxidized in air at 1,000 °C for 10 hr 
variation with temperature over 
the range of 300 to 1,000 °C. The weight-gain oxi- 
dation data in figure 12 show that rate of oxidation 
increased markedly after about 5 hr of oxidation. 

The general pattern for the sandblasted specimens 
of type 430 stainless steel that had been oxidized is 
similar to that for the as-received specimens, but in 
this case the maximum emittance was obtained after 

hr of oxidation. The type of oxidation on both 
as-received and sandblasted type 430 stainless steel 
changed after 5 hr of oxidation from uniform attack, 
with a smooth, dense oxide layer, to a pitting type 
of attack with tubercle formation in the oxide. 

There was no indication in the data that significant 
changes in emittance of any of the oxidized specimens 
were produced by heating in vacuum for the times 
required to complete the evaluations. 


5.4. Ceramic-Coated Specimens 


The data for the ceramic-coated specimens, figures 
7, 8, and 9, show that in every case the total hemi- 
spherical emittance of the coated specimens decreased 
with an increase in temperature, in contrast to that 
of the unoxidized and oxidized metal specimens. 
The effect of increasing temperature in increasing 
total normal emittance of bare and oxidized metal, 
on the one hand, and decreasing the total normal 
emittance of ceramic-coated metal on the other hand, 
has been explained [5] on the basis of the differences 
in the spectral distribution of the emitted energy. 
The same explanation applies to the differences ob- 
served in the total hemispherical emittance. 

The Inconel and type 430 stainless steel specimens 
coated with A-418 had higher emittances than the 
corresponding specimens coated with N—143. In the 
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case of the coated type 321 stainless steel specimens, 
the emittance was nearly the same for specimens 07 
and OS coated with 0.03 and 0.038 mm respectively 
of A-418 and specimen 06 coated with 0.05 mm of 
N-143. Specimen 05 coated with 0.041 mm of N-148 
had slightly higher emittance than the specimens 
coated with A-418. 

An effect of the base metal on the total hemis- 
pherical emittance was to be expected, because the 
previous report [5] showed that these coatings are 
partially transparent at thicknesses of less than about 
0.13mm. There was less effect of base metal compo- 
sition on total hemispherical emittance of specimens 
coated with A-418 than on those coated with N-143. 

Of the specimens coated with A—418, the Inconel 
specimens had the highest emittance, and the type 
430 stainless steel the lowest emittance at each tem- 
perature, and the maximum difference was on the 
order of 10 percent. Of the specimens coated with 
N-143, emittance was about the same for Inconel 
and type 321 stainless steel, and appreciably lower 
for type 430 stainless steel. Also the slope of the 
curve over the 200 to 600 °C temperature range for 
the type 430 stainless steel specimens was steeper 
than that for the other alloys. 

There is no evidence that heating in vacuum at 
temperatures up to 1,040 °C for the time required 
to complete the determinations produced any ap- 
preciable change in emittance of the specimens coated 
with A-418, or in the type 321 or 430 stainless steel 
specimens coated with N-—143. One specimen of 
Inconel to which coating N-143 was applied at a 
thickness of 0.056 mm showed a permanent increase 
in emittance of 2 to 3 percent after heating in vacuum 
at 1,015 °C. 


6. Comparison of Results With Published 
Data 


Total normal emittance determinations were 
reported by De Corso and Coit [6] for as-rolled and 
sandblasted Inconel, both in the initially unoxidized 
condition and after oxidation in air at 982 °C (1,800 
°F) for 15 min, and for Nichrome V coated with 
NBS ceramic coating A-417. NBS ceramic coatings 
A-417 and A-4I18 are similar but not identical in 
composition. Similar results were reported by 
Snvder, Gier, and Dunkle [7] for 18-8 stainless steel, 
ty pe not specified, in the as-received condition and 
after mechanical polishing, sandblasting and weath- 
ering, and “oxidized 1,500 °F and weathered’; and 
by Wilkes [8] for types 316 and 347 stainless steels, 
Inconel X and A Nickel in the polished condition. 
The agreement with the total hemispherical data 
shown in this paper is only fair in most cases. The 
differences may be ascribed to (1) inherent differences 
in normal and hemispherical emittance of materials, 
and (2) differences in the composition or surface 
preparation of specimens. 

The directional emissivity of a material varies 
with the angle of emission, due to variations in the 
transmittance of the material-air interface with angle 
of incidence. Jakob [9] has computed the theo- 


retical ratio of normal to hemispherical emissivity 
of dielectrics to vary from 1.00 at a normal emis- 
sivity of 0.50 to a low of 0.935 at a normal emissivity 
of 0.90 and 0.95. He also computed [10] the same 
ratio for electrical conductors, and found it to vary 
from a high limit of 1.33 for a normal emissivity 
approaching zero to 1.055 for a normal emissivity 
of 0.35. All of these values apply only to completely 
Opaque specimens with optically smooth surfaces, as 
the term emissivity implies. The trend would be 
in the same direction for surfaces that are not opti- 
cally smooth, but it is not possible to compute the 
ratio for such surfaces, unless the surface contour is 
known with precision. 
The data in figures 1, 2 


m=, OD, 


4, 5, and 6 show that 
differences in surface preparation or oxidation treat- 
ment can cause appreciable differences in emittance, 
even for specimens of identical composition. Also, 
the differences in composition among the three 
alloys are reflected in differences in emittance. 
These differences are small for the unoxidized 
specimens, but become greater after oxidation. 

A previous report [5] gave data for total normal 
emittance computed by integrating normal spectral 
data obtained on specimens of Inconel and type 321 
stainless steel. The data obtained show only fair 
agreement with the measured values of total hem- 
ispherical emittance shown in figures 1, 2, 4, 5, 7, 
ands. Bevans, Gier, and Dunkle [11] found appreci- 
able differences in the total normal emittance of 
supposedly identical specimens obtained (1) by 
direct measurement, and (2) by computation from 
spectral data. It is not surprising that even larger 
differences were found in the present study between 
(1) the measured total hemispherical emittance and 
(2) the total normal emittance computed from spec- 
tral data. 

O’Sullivan and Wade [12] reported data on the 
total hemispherical emittance of Inconel that had 
been mechanically polished and then oxidized in air 
at 1,093 °C (2,000 °F) for 13 min. They measured 
the directional emittance at angles of 0, 30, 45, and 
60° to the normal, corrected the values for the actual 
area of the specimen viewed, plotted the points in 
polar coordinates, drew a smooth curve through the 
points and extrapolated it to 90° to the normal. 
The total hemispherical emittance was obtained by 
integrating the resulting curve. Their values were 
about 0.04 higher than the highest values reported 
in figure 1 for oxidized Inconel. Later, Wade [13] 
reported similar data for the total hemispherical 
emittance of type 347 stainless steel specimens that 
were mechanically polished and then oxidized in air 
at 1,093 °C (2,000°F) for 30 min. His reported values 
are higher than any of the values for oxidized 
electropolished type 321 steel in 
figure 2. 

The values reported by these authors for the di- 
rectional emittance of the oxidized Inconel and type 
347 stainless steel showed practically no deviation 
from values that would have been computed from the 
total normal emittance by the cosine law. Hence, 
the total hemispherical emittance computed from 
these values was identical to the total normal emit- 


stainless shown 


268 





tance. Jakob [5] showed that for dielectric materi- 
als appreciable deviations from the cosine law do not 
occur at angles of 60° or less from the normal The 
values reported by O’Sullivan and Wade [12] and 
Wade [13] agree with theory, but their method of 
computation tends to give high values, because all 
of their measurements were made at angles at which 
no appreciable deviation from the cosine law would 
be expected, 


7. Summary and Conclusions 


The total hemispherical emittance of Inconel and 
types 321 and 430 stainless steel specimens in six 
different surface finishes was evaluated by a modi- 
fication of the hot-filament method. The six 
surface finishes were (1) polished, (2) polished and 
then oxidized, (3) sandblasted, (4) sandblasted and 
then oxidized, (5) with A418, and (6) 
coated with N-143. The findings may be summa- 
rized briefly as follows: 

1) For the three alloys studied, the surface condi- 
tion of the metal had much more effect on the total 
hemispherical emittance of the unoxidized and 
uncoated specimen than did the composition of the 
alloys. Each of the polished specimens had total 
hemispherical emittance in the range 0.20 to 0.28, 
and the emittance increased with an increase in 
temperature. Each of the sandblasted specimens 
had total hemispherical emittance in the range 0.50 
to 0.65 and again the emittance increased with an 
increase in temperature. 

(2) Oxidation in air at 


coated 


1,000 °C greatly increased 


the total hemispherical emittance of each uncoated 
specimen tested, and the emittance increased with 


time of oxidation for at least several hours. The 
total hemispherical emittance of the oxidized speci- 
mens increased with an increase in temperature. 

(3) All ceramic-coated specimens evaluated had 
relatively high total hemispherical emittance at 
low temperatures, and the emittance decreased 
with an increase in temperature. The coatings 
were not Opaque, as indicated by the fact that the 
composition of the substrate metal affected the total 
hemispherical emittance of the composite speci- 
mens. The ceramic-coated specimens of Inconel 
had the highest total hemispherical emittance and the 
ceramic-coated type 430 stainless steel specimens 
had the lowest emittance in each case. 

(4) The total hemispherical emittance of Inconel 
and type 430 stainless steel specimens coated with 
A-418 was higher than that of similar specimens 
coated with N—-143. 

(5) The total hemispherical emittance of sand- 
blasted specimens of all three alloys decreased 
markedly on heating in vacuum at temperatures 


above 900 °C, even for the short times required to 
complete the evaluations. No appreciable changes 
were noted in the emittance of polished, oxidized or 
ceramic-coated specimens as a result of heating in 
vacuum for the times required to complete the evalu- 
ations, even at temperatures up to 1,000 °C, except 
for one specimen of Inconel coated with N-1438, 
that showed a slight increase in emittance on heat 
in vacuum to 1,015 °C 


The work described in this report was completed 
under the sponsorship and with the financial as- 
sistance of the Army Ballistic Missile Agency, now 
the George C. Marshall Space Flight Center of the 
National Aeronautical and Space Agency, Redstone 


Arsenal, Huntsville, Ala. 
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Design 
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(April 16, 1962 
\ computer design is presented for a ‘ 
the synthesizing of 


Ope rations. 
This computer 


Mail Separator’ type machine whose purpose is 
an automatic continuous flow process from a post office’s letter sorting 


accepts letters’ category and machine storage 
aperiodically generated at twenty operator stations. Using the 
puter places the category information in a memory section whose 

to the letters’ physical storage component. A running inventory with respect to 200 cate- 
gories is kept for the contents stored in the machine’s 2,400 individual letter slots (locations). 


location information as 
storage locations, the com- 
arrangement is analogous 


Periodically 
of the next category to be 
section which analogously retains the 
output conveyor. The computer 
categories of the stacks forming and the 


of each slot location in the machine, the 


letters stored. The slot 
in identity is then converted to a slot gate opening signal. 


stack category with its synchronism 


, the computer makes a determination, premised on optimum inventory reduction, 
unloaded from machine 


storage. This category is shifted to the 


10 to 30 categories of the stacks forming on the machine’s 
continuously 


makes identity comparisons between the 
location coincident with 
After testing the letter category 


is transmitted 


for the purpose of controlling the subsequent process operations. 


Introduction 

The object of this computer is to provide the con- 
trol of il machine which enables 
an automatic continuous flow process 
office’s letter sorting operations. 

The “Mail Separator” sorting machine, in provid- 
ing time-discrete outputs at a single location, intro- 
duces the capability of automatic processing for 
succeeding operations. Each output is a stack of 
letters for a particular destination, and the flow 
diagram, figure I, illustrates the system integration 
of the subsequent operations of supplying a label, 
tying the stack into a bundle and conveying the 
bundle to the proper transit pouch. 

Conventional sorting machines work on the pigeon- 
hole method which is typical of the manual process. 
This method, in a po operation, requires a 
substantial amount of labor to service the multi- 
tudinous output points. 

As an example, a post office might require 10 con- 
ventional letter sorting machines each with 300 
output Fach machine’s ae while being 
supplied by a crew of 12 synchronized operators, 
are serviced by 6 to 8 more operators who in turn are 
randomly paced by the filling of those bins. Also, 
the reorganization of the post office’s 3,000 bin 


from a post 


bins. 


outputs into a smaller number of dispatch pouches is 


a considerable task in itself. In addition, between 
bins and pouches, the letter stacks must be tied into 
bundles in order to maintain facing, and routing 
labels must be included with some bundles. Such 
& process is obviously not fully automatic besides 
being poorly adaptable to becoming so. 

Figure I] shows the conventional sorting machine 
principle as well as that of the ‘‘Mail Separator.” 
The latter’s principle of operation may be stated as 
follows: 
similar 
storage 
article’s category 
is filed in the 


Physically 


articles are deposited randomly into 
individual 


containers emplaced in a rack. Each 
information along with its storage location 
machine’s memory. In order to sort, 


the synthesizing of 


memory is searched periodically for 
so that these then may be 
conveyor belt. This single 
during successive periods. 
ately available for reuse by 


The imternal 
Separator” 


articles of like category, 
unloaded to a common output 
belt is used for different categories 
Emptied containers are immedi- 
new articles of any category. 


system operation of the “Mail 
is shown in figure 1. 

This sorting machine’s physical handling compo- 
nent consists of twenty input operator stations and 
a common output conveyor belt. Each operator 
station contains an alpha-numeric keyboard, a 
keyboard-controlled letter feed, a rack of individual 
letter storage slots of 120 nominal locations, and a 
shuttle for transferring letters from the feed to the 
slots. The racks slots are placed in stationary 
end-to-end alinement several inches the 
output belt. 


above 
The striking of a code for the letter’s address 
causes the feed’s indexing and transfer of the letter 
to one of the two compartments of the double-ended 
shuttle. This compartment, carried by the shuttle 
during a traverse of half the station’s rack, then 
deposits the letter into the first empty slot. For 
each succeeding letter, the shuttle traverse alternates 
between rack halves. The input capability for each 
station is specified at 120 letters per minute. 

As a section of the Pape Aang belt progresses under 
the machine’s array of slots, letters of a particular 
address category are released synchronously to form 
an orderly stack. Different stack categories form 
on succeeding sections of the belt. The stack 
spacing (pitch) is adjustable to enable the concurrent 
formation of 10 to 30 stacks, while the output rate 
is adjustable between 24 to 40 stacks per minute. 

The control means described here depends upon 
a one-to-one relationship between the stack category 
unload signal progress rate in slots and the revolu- 
tions of the information storage drum, so the speed 
of this drum and, likewise the output belt, is set for 
a desired specific combination of the aforementioned 


the | variable parameters. 
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Figure I] Illustration of machine sorting principles. 


Conventiona ting machine 
Mail Separator rachine 


Both the drum and the output belt are driven by 
synchronous motors whose speeds are controlled by 
a common adjustable frequency power source. The 
belt drive transmission incorporates a lag which 
governs the spread the letters of the stack, and 
an allowable belt speed tolerance is reflected harm- 
lessly in the length of the completed stack. 

Figure 2 shows the means of generating 
gates for words, characters and 
digits as well as their associated clock pulses. This 
diagram also shows revolution accounting for timing 
the functions which pertain to the starting of new 


stacks. 


time 


sectors characters 


Input to Loading Buffers (fig. 3) 


At each station, 
or three character 
category. Each 
into a six-line 
0.025 see. 
makes at 


strikes a one, 
each letter’s 
kev board-converted 
which persists for 
the magnetic drum 


ah operator 
code for 
character is 
binary output 
During this time, 
least one revolution. With the aid of 
40 unit ring counter, all keyboard outputs are 
sampled durmg each drum revolution. The six-bit 
parallel output is serialized in the process of transfer 
to its reserved position in the drum’s first loading 
buffer track. The completion of a category code 
initiates its transfer to the second loading buffer 
track where the category waits for the letter’s slot 
location. A six-bit parallel output is automatically 
generated when a letter enters a slot. This digital 
slot number is guided by the ring counter output to 
a sector of the second buffer. Each loading buffer 
is divided into 40 sectors which are analogous to 
the 40 rack-halves of the sorting machine. The 


two, 
address 
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rack-half to receive the letter is mechanically sensed 
when the feed first presents this letter to the operator. 

The information concerning each letter is com- 
pleted as a 24-bit word serially written in a sector 
of the second loading buffer. Now, in order to obtain 
adequately fast access for our stack forming method, 
the letter category is transferred to a storage block 
one bit long and 18 tracks wide alongside its slot 
number. The 2,400 prewritten slot numbers cor- 
respond analogously to the slots’ physical locations. 
Figure 8 shows how this information is arranged on 
the drum. 


Transfer to Information Analog (fig. 4) 


In order to write the letter category in its storage 
block, the entire word is intermediately transferred 
to registers. An indication that these are clear 
enables the search and serial transfer of a slot number 
from a sector of the second loading buffer. The 
presence of information in the slot number register 
enables the serial transfer of the remainder of the 
word to the letter category register. 

The sector’s traverse during this serial transfer 
requires that the corresponding sector of the infor- 
mation analog be retarded, so that its slot numbers 
may be searched earlier than the next revolution. 
So this search starts at the beginning of the following 
“40” sector, and the indication of a match between a 
reading from the slot number analog and the slot 
number register enables the parallel insertion of the 
category code into the letter category analog. At 
the same indication, a ‘‘1’’-bit is written alongside 
the category in a separate count bit track. This 
count bit signifies that the newly added letter requires 
a tally recount. 


Tally Accounting (fig. 5) 


When a letter address code is added to the infor- 
mation analog, its category is entirely reinventoried. 
This function is performed in three stages each of 
which requires a revolution of the drum, but the 
stages operate concurrently for different successive 
categories. 

In the first stage, a count bit indication enables 
parallel duplication of its category in a register if the 
latter is clear. At the start of a new revolution, this 
category is transferred in parallel to a second register 
and the first stage process is repeated. However, if 
the next category found compares identically with the 
one in the second register, the first register is cleared, 
and the first stage operation continues until a dif- 
ferent category is found. 

In the second stage, the category in the second reg- 
ister is compared with the entire letter category 
analog, and each indication of an identity 
counter besides erasing the count bit if 
On occasion, this category being counted will be 
found to match a category being unloaded (which 
information is supplied from the Stack Forming 
Synchronizer). At the point such a match is found, 
the count is inhibited, because all pertinent letters in 
advance of a stack forming will be unloaded to that 
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stack. In this way, the count which is attained 
represents only those letters applicable to the se- 
lection of new unload categories. 

At the start of the next revolution, the count and 
its category are shifted in parallel to their respective 
third stage registers. Here an identity is sought 
between this registered category and one of the 200 
scheme list categories. The items in this list are 
programed on the drum in word blocks two tracks 
wide and 12 bits long. These tracks are read con- 
tinuously through separate serial input 12-bit 
registers. ‘The comparison is checked in parallel, 
and the identity indication starts a 12-bit duration 
time gate for the serial transfer of the tally. The 
tally is moved from its register to a single track 12-bit 
long block beside its scheme list category. 

In addition to the tally, two other 
hold information associated with the 
categories. One of the tracks contains, 
these categories, 


store tracks 
scheme list 
for each of 
a programed threshold which puts 
a lower limit on the number of letters for the stack. 
The other track contains only a single bit which 
serves as a place mark for the successive use of these 
categories. The scheme list 
shown in figure 8. 


information layout is 


Unload Category Selection (fig. 6) 


In order to regulate the introduction of new stacks, 
a count is kept of the drum’s revolutions. This 
count is compared with a panel-adjusted setting of 
the desired stack-spacing in slots. An indication of 
the desired count starts the Unload Category Selec- 
tion procedure which consists of a single or two con- 
current determinations. The predominant category 
is sought at each selection opportunity, but also, at 
alternate times third, ete.), a programed 
category from the scheme list is given its chance. If 
the latter category exceeds its threshold, 
the predominant one. A following programed cate- 
cory will include those related categories which had 
not met their thresholds. 

Along with the scheme list categories, their tallies 
and thresholds are read continuous ly through appro- 
priate serial input registers. Each t: ally reading which 
is shown to exceed the number in a second register is 
immediate ly transferred in pare allel to the latter. 
The same indication invokes the transfer of the as- 
sociated ¢ ategory to a regis ster provided to hold the 
selected next active unload category. Thus, after 
all the tallies are checked in the course of a revolu- 
tion, the predominant category is left in the next 
active unload category register. 

At the opportunity for a programed category, the 
previous revolution will have vielded an indication 
of the place mark which caused the parallel duplica- 
tion of the flagged category and its threshold in hold 
registers. While the tallies are being searched for 
predominance, the programed category associated 
tally or related tallies are recorded cumulatively in 
an adder. If the number in this adder exceeds that 
of the held threshold, the indication causes the 
parallel transfer of the held category to the next 
active unload category register while inhibiting the 


second. 


bumps 


source of predominant categories. It follows that, 
when a programed category opportunity is missed, 
a predominant category is on the spot to take its 
place. 

The next active unload category register is of 20-bit 
capacity in order to provide positive lead and trail 
bits for the code’s anticipated serial use. During the 
revolution prior to its transfer, this category is 
checked against the scheme list, so that pertinent 
tallies may be erased. 

At the start of the 
the 20-bit code is 
unload categories’ 
ing Synchronizer. 

Retimer tracks are used for erasing and writing 
delays which are desired to vary with the drum speed. 
One of these tracks is used also to advance the place 
mark by one word block each time the mark is used. 


revolution after tally erasure, 
moved serially into the active 
retimer track of the Stack Form- 


Stack Forming Synchronizer (fig. 7) 


The 10 to 30 active unload category codes are 
stored at equal spacing in a snake track. Each trail 
bit is in timing alinement with an item to be checked 
in the information analog. After each check, the 
category is advanced one bit for the next revolution. 

The categories in this store track are transferred 
in turn to a serial input 20-bit register. The concur- 
rence of the trail and lead bits in the register’s first 
and twentieth positions, respectively, indicates that 
the code is complete in the register. At this point, 
an indication of this code’s identity with the alined 
letter category of the information analog causes the 
latter item to be erased and its slot number to enter 
a decoding matrix. 

The parallel six-bit code from the slot number 
analog along with the activated output of the 40 
counter are decoded to provide a gate opening signal 
for a particular slot in the machine’s rack. Such 
slot gate actuation signals are the computer’s primary 
output. 

The active unload category code continues to shift 
through its register bit-by-bit for a serial output 
which is written on a retimer track. The code is 
then read out and rewritten on the store track with 
a one bit advance from its previous position. In 
this manner, an active unload category checks each 
of the 2,400 items of the information analog in as 
many revolutions. 

At an indication that the last item is being checked, 
the active unload category register’s output is 
switched from retimer track entry to the computer’s 
secondary output. This stack category code is then 
used as an order to print a label, tie the label and 
stack into a bundle, and convey the bundle to its 
dispatch pouch. 

The order’s synchronism is maintained through the 
sorting machine’s conjunctive automatic label printer 
and stack bundler. This synchronism is also main- 
tained with the order’s transfer to the automatic 
bundle distributor which serves a battery of sorting 
machines, as previously shown in figure I. 


(Paper 66C3-103) 
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A method of measuring normal spectral emissivities in the infrared region from 1 to 


13 uw is described. 
a blackbody with that from the specimen. 
by adjusting the temperatures. 
emissivity for the observed temperatures. 


It consists of comparing the rate of emission of radiant energy from 
The two observed radiances are made equal 
An equation is 


derived for use in calculating the 


The main sources of error arise in the measure- 


ment of the temperature of the specimen and the temperature of the blackbody. As 


an example of the method, the normal spectral emissivity of 
temperatures from 550 to 
tw» and 550 
is included which lists the values of emissivity from 4 to 13 » and from 550 to 1,000 


in the range from 4 to 13 uw at 
was found to range from 0.014 at 


intervals of 50 °K. 


1. Introduction 


The normal spectral emissivity of many metals 
such as gold, platinum and aluminum is very low 
in the infrared region from 4 to 13 u. Some meas- 
urements have been carried out at high temperatures 
in the visible spectrum |1—4],! but measurements in 
the infrared spectrum to 13 u have not been under- 
taken. The emissivity of metals in the infrared may 
be calculated from the reflectivity, R, using the 
Kirchhoff relationship 


For this calculation reflectance measurements made 
at room temperature available from several 
sources, but in most cases the reflectance measure- 
ments are only good to about | percent thus giv- 
ing rise to uncertainties of +5 to +50 percent for 
the calculated emissivities of most metals. A note- 
worthy exception to this is the recent very accurate 
reflectance measurements made by Bennett and 
Koehler [5] on aluminum. In addition Harris and 
Fowler [6] and Lameris [7] have made some very 
cood measurements on cold. 

While this paper is primarily concerned with the 
development of a method for measuring the spectral 
emissivity of metals, some results are reported on 
the normal spectral emissivity of gold in the infrared 
spectrum from 4 to 13 u. 
the spectral emissivity of metals will be described 
in the next section. 


ure 


*This work was supported through a « 
1 Figures in bracket 


ontract with Redstone Arsenal. 
s indicate the literature references at the end of this paper. 


A method of measuring 


gold has been measured 
1,000 °K. The emissivity 
K to 0.0256 at 9 »w and 1,000 °K. A table 


K at 


2. Experimental Procedure 


The experimental arrangement consisted of an 
infrared spectroradiometer with a sodium chloride 
prism and thermocouple for measuring the rate of 
emission of energy in the region from 1 to 13 u. 
A double pass optical system was employed so that 
the stray radiation would be greatly reduced. The 
spectroradiometer was calibrated for wavelength 
settings with the absorption bands of polystryene, 
CO, and H,O. Rather large spectral slit widths 
were used in this work varying from 0.18 u at 2 » to 
0.1 wat 10 uw. However, since neither the blackbody 
curve nor the emitted-energy curve of the specimen 
has a very large second derivative with respect to 
wavelength, the emissivity values which were deter- 
mined were nearly independent of the slit width 
used. <A blackbody and the specimen to be measured 
were placed on a platform which could be moved 
so that the specimen or the blackbody radiated on 
the entrance slit of the spectrometer. This general 
type of arrangement, has been used in previous work 
and a more detailed description of the procedure can 
be found elsewhere [8]. 

An essentially different method of comparing the 
radiance from the blackbody and the specimen has 
been devised. This method consists of adjusting the 
radiance of both sources (at the same wavelength) 
to be nearly equal. The effect of nonlinearity of the 
detector amplifier response is minimized by this 
procedure. the measurements were to be 
made on metals of low emittance, this required that 
the blackbody be at a lower temperature than the 
specimen. In order to reduce the error of ambient 
change to a minimum, alternate readings were 
made on the blackbody and specimen during a small 
time interval. 


Since 


283 





The emissivity calculations were based upon the 
following equations. If we define 


N,(A,)=rate of emission of radiant energy by a 
blackbody radiator at temperature ft, 
within the wavelength interval \+dd 
per unit of time, area, and solid angle, 

rate of emission of radiant energy by the 
specimen at temperature ¢, within the 
wavelength interval \+d) per unit of 
time, area, and solid angle, 
emissivity of the specimen at temperature 
t, for the wavelength interval \+d), 
room temperature, 
specimen temperature, 
blackbody temperature, 
= monochromator and detector temperature, 
R,(At,)=reading of instrument set to view black- 
body at temperature f,, 
reading of instrument set to view speci- 
men at temperature f,; 


Rts 


then, 


R, (0, t.) =k, [N,A, t,)—N, (A, €,.) (1) 


and 


R,(A, ts) =ho{[N,(, t3)—No(r, tm) 


+[1—e,(A, t,)] N,(A, t,) » <Z) 


Here k, 
k, =k 


and kh. are 


proportionality constants and 
in this method. 


Also, 
N,(A, t,)+[1 


N,(x, t, 


By substitution, 


R.(, t 


N,(\, t 
“ RA, t 


N,(A, 


—[(1—e,(A, t,) |N2(\, #,). 
Let 
RA, t 
BAK. t) 
Then 


N, (xr, t,) =N,(X, t,) én. fins. ¢). 


By definition, 
N,(i, 3 


(A, tJ=> . 
fs Val W{d. ¢.) 


From eq (6), 


N(A, to) —[1—e,(X, t.)]N,(A, t,) 


(A, t,)=- = 
“s . N,(X, t.) 


or 


e,(A, t,) No(a, t,) = Nola, to) 


No(A, ty) +€,(A, t,) No(A, t,). 


Combining terms we obtain, 


Nol ee 
N,(X, t,) 


N,(, t;) 


cae ~ . 
€s(A, N,(X, t,) 


(10) 


The values of N, (A, t) in eq 10 can be evaluated 
from tables of blackbody radiation or caleulated 
from the relation. 


where 


1.4380 em °K. The constant C; cancels out. 


3. Discussion of Possible Errors 
Since the emissivity of a metal is a quantity 
intrinsic to the substance one may consider sources 
of error as divided into two categories: (1) deviation 
of the sample from the ideal, and (2) experimental 
errors. 

The first type of error may generally be attributed 
to impurities in the metal sample and/or nonideal 
surface effects peculiar to the specimen. It is 
believed that the purity of our specimen was not a 
source of error. The gold ribbon which has been 
measured by this method was part of a sample which 
had been tested by spectral analysis and found of 
high purity. The specimen surface was mirror 
smooth. It has been shown [9] that small surface 
irregularities can cause rather large changes in the 
emittance characteristics. However, at the longer 
wavelengths of infrared radiation the emissivity is 
much less sensitive to small surface irregularities 
than at the shorter wavelengths of visible radiation. 
The smooth appearance of the surface when viewed 
by visible light was taken as an indication that the 
surface is practically optically smooth in the infrared 


region and that the errors due to surface roughness 
are negligible. 


Because of the inertness of gold no surface oxide 
coating is possible To remove any other possible 
surface layers the specimen was washed with dis- 
tilled water and acetone and then heated to 800 °K 
for several hours before use. After this initial treat- 
ment the samples were maintained at temperatures 
above 100 °C until the measurements were com- 
pleted. As a consequence it is felt that the state of 
the surface of the specimen was nearly ideal. There 
is of course some question as to the crystal structure 
of the optically important region of the metal near 
the surface, but the manner in which this changes 
the emittance of metals has not vel been established. 
Since the radiation observed was within 5 deg of 
normal to the specimen, polarization effects are 
negligible and were disregarded. 

Errors due to incorrect emissivity values assigned 
to the specimen are more directly related to the 
actual experimental measurements. In the emis- 
Sivity measurements the errors may be divided into 
three categories: (a) errors in wavelength measure- 
ment, (b) errors in energy measurement, and (ce) 
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errors in temperature measurements. The magni- 
tude of these errors will be discussed separately 
below. 

Wavelength Errors. With modern instrumenta- 
tion and standard techniques of calibration it is a 
relatively simple matter to calibrate infrared spec- 
trometers to within 0.02 » over the entire range used 
in this work. Inasmuch as both the blackbody 
curve and the emissivity curve of the specimens are 
smooth curves with no sharp extremes or discon- 
tinuities, errors in wavelength should be entirely 
negligible in this work. The rather large spec- 
trometer slit used at the shorter wavelengths, 
however, may introduce a nonnegligible error. The 
exact value of this error is difficult to determine and 
is in fact different for each wavelength and tempera- 
ture. It is estimated to amount to no more than 
1 percent. 

Errors in Energy Measurements. The measure- 
ment of the energy given off by the specimen was 
accomplished by comparison with a blackbody as 
described in the section on experimental procedure. 
In making these measurements the temperatures 
were so arranged that the energy reaching the de- 
tector from the blackbody was nearly equal to that 
from the specimen. In this way instrumental errors 
due to amplifier or detector nonlinearity were 
practically eliminated. Almost all values reported 
are the several determinations with 
slightly different blackbody temperatures. 

The lnportant source of error in energy measure- 
ment is due to the signal to noise ratio. For measure- 
ments at higher temperatures and at wavelengths 
near the blackbody radiation maximum the signal 
to noise ratio is of course very favorable and uncer- 
tainties are quite negligible. For lower temperatures 


uverage of 


and especially for measurements near the long or 
short wavelength extremes of this work the signal to 
noise ratio becomes sufficiently small that rather 
large uncertainties are introduced into the results. 

Because of the low energy levels involved in these 
measurements, especially at long wavelengths, stray 


radiation might be expected to cause appreciable 
errors. Use of a polyvethylene-black filter to elimi- 
nate any short wave stray radiation proved, how- 
ever, that stray radiation is quite negligible even 
at the longest wavelengths measured. 

Errors in Temperature Measurement. In the de- 
termination of the emissivity by the method of equal 
radiance, the most important measurement is the 
temperature. Four temperatures must be measured 
or controlled; the temperature of the detector, the 
temperature of the room, the temperature of the 
specimen, and the temperature of the blackbody. 
The temperature of the room and of the detector can 
be measured to better than 1 deg K and the errors 
introduced by these measurements are small com- 
pared to the uncertainties in measurement of the 
temperature of the specimen and the blackbody. 
The temperature of the specimen is usually meas- 
ured by an attached thermocouple and when the 
material is a metal with the form of a thin ribbon, 
the thermocouple may be welded on the back sur- 
face of the specimen. The thermocouple should be 


made of fine wires but even then there is some con- 
duction of heat from the specimen. When the speci- 
men can be heated to high temperatures the tempera- 
ture gradients can be evaluated with an optical 
pyrometer. At lower temperatures the radiation 
from different areas of the specimen can be focused 
on the slit of the spectrometer and temperature 
gradients of the specimen can be detected and 
evaluated. In the application of this method to 
measurements on gold it was found that the varia- 
tion of temperature was never greater than 5 deg K 
over the area used. The error introduced in the 
emissivity by a 5 deg error in temperature for a 
specimen at 800 °K has been calculated and the 
results are shown in figure 1. It will be noticed that 
the error is between 1 and 2 percent from 6 to 14 u, 
but at shorter wavelengths the error increases 
rapidly reaching a value of 6 percent at 2 4. When 
the specimen is at temperatures above 800 °K, the 
uncertainty in the emissivity will be smaller than 
those shown in figure 1 and the error will be greater 
for temperatures less than 800 °K. 

A large source of uncertainty is introduced by 
errors in the temperature of the blackbody. This 
temperature should be measured to +1 °K. When 
the gold specimen is at a temperature of 800 °K, the 
blackbody is at 351 °K for equal energies being re- 
corded at 10 uw. In the above example a change of 
1 °K will produce an error of about 4 percent in the 
emissivity. With an uncertainty of 5 °K in the 
temperature measurement of the blackbody the 
errors become much greater as shown for different 
wavelengths in figure 2. It should be noted that 
large errors will be made in the determination of 
emissivities by this method unless the temperature 
of the blackbody is measured with an accuracy of 
the order of 1 °K. 








WAVELENGTH , yz 
Figure 1. Error in emissivity measurement at 800 °K resulting 
from an error in specimen temperature measurement of 5 °K, 
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ty measurement at 1,000 Kk resull- 
of 5 k. 


FIGURE £ J EMIUSSIVI 
the blackbody ten perature 


4. Results 


The normal spectral emissivity of gold has been 
measured over the spectral range from 4 to 138 LM. 
Table 1 lists the values of emissivity determined by 
this work. In order to make this table, smooth 
curves of emissivity versus temperature at constant 
vavelength and emissivity versus wavelength at 
constant temperature were drawn through the ob- 


served experimental values. 
then read from these curves. 


The table entries were 
The results for three 


| temperatures are shown in figure 3. Experimental 

| points which are the average of several determina- 
tions have been superimposed on the curves to show 
how closely the experimental values agree with the 
smoothed curves. Data were obtained at 50 °K 
temperature intervals so that much more data were 
used in making these curves than is shown in the 
figure. 

The small increase in the emissivity curve at 9 u 
is curiously unexpected, but appears consistently. 
This abnormality may be due to some unknown, 
consistent error in the data, but all attempts to 
eliminate it failed. Lameris [7] shows a similar rise 
in his data at about 10 uw (he made no observations 
between 7 and 10 u 

There seems to be no other measurement of the 
emissivity or reflectivity of gold in the temperature 
range reported in this paper. Consequenily, the 
only independent observations with which our 
results can be compared are the room temperature 
measurements for which reflectivity values are given 
in references 5 and 6. By extrapolation of the 
emissivity versus temperature curves it is possible to 
use the data of this work to obtain approximate 
emissivity values at lower temperatures. The 
extrapolated values are tabulated in table 2. These 
values are, of course, considerably less accurate than 
those given in table 1 since the extrapolation is not 
very reliable, 


TABLE 1 


Vormal spectra 


0.014 
0142 
0145 
014 


0142 


0. 0147 
O151 
O15 
O55 
O152 
0150 
O15 


Ol 


0. O158 
0163 
0165 
O165 
O162 
0160 
oO162 
0169 
OS 


019 


O169 
0174 
O76 
Ol7e 
0173 
0170 
0172 
OL7S 
O19 
020 
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5. Discussion 


It is of considerable interest to compare the 
observed emissivity values of metals to those pre- 
dicted by the classical free-electron model proposed 
by Drude [10]. Roberts has recently shown [11] 
that Drude’s original consideration of several classes 
of electrons in some cases gives rise to calculated 
results more compatible with experiment; however, 
this idea has not been used in this experiment. 
According to the Drude model the refractive index 
(n) and the absorption coefficient (k) may be repre- 
sented by the two equations 


9 Ne’ 
= 2rm* p*- 
and 
‘ Ne? 
vy 2rm* y* 
where 
Ne’ 


‘ x P 
2rm . 


number of free electrons per unit volume, 
electronic charge, 
effective mass of electron, 
frequency, and 
d-c electrical resistivity. 
A simplification suggested by Hagen and Rubens 
is often used as a means of making emissivity cai- 
culations. This simplification rests upon the assump- 


tion that »<y and consequently is valid in the long 


wavelength (low frequency 
tion leads to the result that 


n k ( ow ) 


Substituting this in the equation for emissivity, 


region. This assump- 


k? (1 n)* 


k “hee 


7 7)° 
vields the result 
2( pv) 


2( pv)! ‘ 


With appropriate changes of units this becomes the 
more familiar Hagen-Rubens equation, 


«=0.365 ( th 2 


resistivity in ohm centimeters and 


4 PP 
0.0464 8, 
a 


where 


wavelength in centimeters. 


Calculations based on the Hagen-Rubens equation 
give rise to values of the emissivity which are about 
100 percent greater than the experimental values. 
As Schulz [12] has shown, the cause of this dis- 
crepancy is evident from an analysis of the assump- 
tions made in the derivation of the Hagen-Rubens 
equation. Calculation of the value of y indicates 
that v is of the same order of magnitude and in 
fact is slightly larger than y. This means that 
n#k. Measurements of n and k by Schulz for the 
near infrared confirms the fact n#k at a wave- 
length of 1 uw. Calculations using Drude’s equations 
indicate that n does not approach the value of & 
except for rather large wavelengths (about 100 4). 
As a consequence it is not surprising that the Hagen- 
Rubens equation does not always yield correct 
values of the emissivity in the ordinary infrared 
region. 

On the other hand, if the Drude equations are 
used to calculate the emissivity, better agreement 
with the measured values is obtained. The results 
of such a calculation for 800 °K are shown in figure 3. 
These calculations assumed one free electron per 
atom and that the effective electron mass (m*) is 
equal to the usual electron rest mass. 


The authors express their gratitude to William 
KF. Roeser for his helpful suggestions concerning 
these measurements. Appreciation is also expressed 
to Robert Thibault who performed the very tangible 
service of transforming most of the raw data into 
values of emissivity. 
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Selected Akstracts 


Glass filters for checking performance of spectrophotometer- 
integrator f \ 
J 


systems of color measurement, I]. J. Keegan, 
J. C. Sehleter, and D. B. Judd, J. Research NBS 66A 
(Phys. and Chen Vo. 3, 203 (May-June 1962) 70 cents. 
\ set of five specially selected colored-glass filters to identify 
variables of malfunction of photoelectric recording spectro- 
photometers equipped with tristimulus integrators have been 
standardized on a number of spectrophotometers corrected 
for all errors (Wavelength, zero, 100 percent, slit- 
width, inertia, back reflectance, and stray-energy). To these 
standardized spectrophotometric data definite amounts of 
these errors were deliberately introduced and converted to 
tristimulus and chromaticity coordinates of the 
Inter: Commission of Illumination system of color- 
imetry for Sources A, B, and C. Similar reductions show the 
effects of siit widths of 1, 5, 10, and 15 millinicrons on com- 
puted results both by the seleected-ordinate method of 10, 30 
and 100 ordinates, and by the weighted-ordinate method of 
1, 5, 10, and 15 millimicron intervals. Duplicate sets of 
these glasses have been evaluated by visual comparison with 
this set of master standards, and are available as part of the 
Standard Materials Program of the National Bureau of 
Standards By comparing the certified values of luminous 
transmittance and chromaticity coordinates for a set of these 
vlasses with the obtained on a particular integrator- 

combination, the type and extent of 


known 


values 


tional 


value 
spectropl otometer 
Instrument 


il errors may be evaluated 


Calibration of small grating spectrometers from 166 to 600 
em~', L. R. Blaine, E. K. Plyler, and W. 8S. Benedict, /. Re- 
search NBS 66A (Phus. and Chen Vo. 223 | May June 


1962 ,U cen 


In order 
grating spectrometers over the region from 


to provide standards for the calibration of smal! 
166 to 600 em 
tracings of the spectrum of atmospheric water vapor are 
presented. The lines are identified and tabulated. Wave- 
numbers obtained from energy levels derived from the best 
available high-resolution spectra are given, together with an 
indication of their relative reliability. The best lines are 
believed accurate to 0.03 em=! 


Purification by automatic gas chromatography, M. Tenen- 
baum and F. L. Howard, J. Research NBS 66A (Phys. and 
Chem Vo. 3, 245 Vay—June 1962) 70 cents 


\ completely automatic apparatus has been developed for 
the preparative-scale purification of compounds by gas- 
liquid chromatography A clock timer periodically activates 
a pump that injects asample into the column. The recording 
potentiometer on which the chromatograph is traced has a 
switch mounted at the upper margin. Collection of the puri- 
fied main component occurs when the recorder pen goes to 
the end of the scale and trips the switch. The sensitivity of 
the detector bridge circuit is adjusted so that only the trace 
caused by the major component will activate the collection 
process 

Toluene, ethylbenzene, and mesitylene were purified with 
the apparatus. Best results were obtained with toluene. 
In one pass through the apparatus, 92 percent of the impurities 
were removed from the toluene and the purified product was 
collected at a rate of 25 ml of liquid per day. 


A diamond cell for X-ray diffraction studies at high pressures, 
G. J. Piermarini and C. E. Weir, Research NBS 66A 


(Phys. and Chem Vo. 4 (July—Aug. 1962) 70 cents. 


\ high pressure X-ray powder camera has been constructed. 
The instrument has been found to be useful for routing X-ray 


work, using molybdenum radiation, to pressures of approxi- 
mately 60 kilobars. Previously reported transitions have 
been observed in silver iodide, potassium iodide, bismuth, 
and thallium. The high pressure forms and lattice param- 
eters were found to be: AgI-f.c.c. (NaCl type), ao=6.067A; 
KI-s.c. (CsCl type), aj>=4.093A; Tl-f.c.c. (NaCl type 
ay=4.778A; Bi structure not determined. These data confirm 
previous reports on the high pressure forms of Agl and KI. 
Data on Tl and Bi are apparently reported for the first time. 
The high pressure modifications were studied at the following 
approximate pressures which are not indicative of the point 
where the transition occurs: AgI-3.3 kilobars, K1-20 kilobars, 
Bi-28 kilobars, and T!-60 kilobars. The pressure limit to 
which the unit can be used successfully has not been ascer- 
tained. It is believed to be much higher than the pressures 
reported. The present instrument is capable of producing 
powder diffraction patterns of materials of relatively high 
scattering power, giving data to 206=35 High background 
on the X-ray powder patterns is believed to arise from 
scattering by the diamonds. This background may obscure 
weak diffraction rings. This effect may be reduced by 
screening, monochromatization, and other improvements in 
experimental technique. 


Light source for producing self-reversed 
J. Sugar, J. Research NBS 66A (Phis. 


(July—Auq. 1962 70 cents, 


spectral lines, 
Chem Vo. 


and 


\ new light source has been developed which produces numer- 
ous self-reversed lines in both the first and second spectra of 
rare-earth elements. It consists of a pulsed are dischargi 
with a peak current of 75 amperes and an on-time of one milli- 
second per cycle. lines are nearly completely 
absorbed, and can be distinguished by this character. From 
spectrograms obtained with this light source, the ground states 
of Tb 1 and U w were determined, and those reported for 
Ybi, Ybu, Tmt, Tm 1, and U 1 were confirmed. 


tesonance 


Thermal conductivity of gases. I. The coaxial cylinder cell, 
L A. Guildner, J Research NBS 664A Phys. Chem. 
No. 4 (July {ugq. 1962) 70 cents. 


By combining appropriate geometric configuration and 
mathematical analysis with improved measuring techniques, 
the cell constant of a coaxia! cylinder thermal conductivity 
cell was determined within 0.1 percent. 

An analysis of the rate of heat transfer in such a cell showed a 
way to treat the data so that the error contribution of experi- 
mental deviations from idealized conditions is kept small. 
The principal considerations are: 

1. That heat transport by convection is significantly large 
in a dense gas. This transport was analyzed mathematically 
from basic principles. The agreement of experimental results 
with the analysis indicated that the expressions are valid and 
that the convective heat transport could be accounted for 
with little more error than was involved in the precision of 
the heat transfer measurements. 

2. That the heat transfer in a vacuum corresponds to the 
heat transfer by radiation and solid contacts in the presence 
of a The uncertainty was that associated with the 
accuracy of determining the vacuum values. 

3. That other effects were small enough to be computed 
and corrected for without increasing the uncertainty of the 
values of the thermal conductivity. 


and 


gus, 


Thermal conductivity of gases. II. Thermal conductivity of 
carbon dioxide near the critical point, L. A. Guildner, J. 
Research NBS 66A (Phys. and Chem.) No. 4 (July-Aug. 
1962) 70 cents. 

The thermal conductivity of COQ, has been measured in a 
coaxial cylinder cell as a function of pressure over a range of 
temperatures from 3.66 to 75.26 °C. Particular attention 
Was given to the measurements from 1 to 9 deg C above the 
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critical temperature at pressures closely spaced to include the 
critical density. 

The thermal conductivity of 
Ss very large compared — 
room temperature 


CO,), near the critical point 
to one atmosphere values around 
At 1 deg C above the critical point the 
thermal conductivity reaches a maximum at the critical den- 
sity. This maximum is greater than the maxima at higher 
temperatures. At 75.26 C. 44 deg C above the critical 
temperature, little unusual increase at the critical density 
was observed. ; 
The rate of heat transport by convection in the critical region 
is also very large. This problem was studied carefully in 
order that the temperature differences used were restricted 
to the region of laminar flow, and that appropriate extra- 
polation procedures were used to find the rate of heat transfer 
by thermal conduction alone 

Also, at densities and te mperatures away from the critical 
region, new thermal conductivity values were obtained. 


Derivation of the relaxation spectrum representation of the 
mechanical response function, R.S. Marvin, J. Research NBS 
66A (Ph ys. and Chen Vo / (July—Augq. 1962 70 cents. 
Relaxation spectra have been used in both the presentation 
and interpretation of measurements of the mechanical prop- 
erties of rubberlike polymers 


Hindsight technique in machine translation of natural lan- 
guages, I. Rhodes and F. L. Alt, J. Research NBS 66B 
Math. and Math. Phys.) No. 2, 47 (Apr.—June 1962) 75 cents. 
the proposed System for automatic syntactic analysis of 
developed at the National Bureau of 
Standards, the computer splits each Russian word into stem 
and ending and combines the information obtained from these 
two elements into a morphological description of the word, 
frequently containing several alternatives The decision 
among such alternatives is normally made on the basis of 
predictions’’ arising preceding words of the same 
Clause. There are, however, cases in which no prediction 
is available to account for a word, e.g., when the object. of 
a verb occurs before the verb itself. In such a Case, instead 
of the usual prediction of the object, we need “hindsight’ 
Also, it may bappe n that more than one of the morphological 
a word agrees with predictions; or that a 
morphological alternative agrees with several predic- 
; or that only one of them agrees, vet there is a suspicion 
the agreement is spurious; or 


It turns out that 


> 
\ 


usslah sentences 


f 
irom 


alternatives of 


that no agreement at all 
the alternating use of prediction 
techniques overcomes most of these troubles 


Graphs for determining the power of Student’s t-test, M. C. 
Croarkin, J. Research NBS 66B (Math Vath. Phys 
Vo 2, 59 lp June 196 2 5 cents 

This paper determining the operating 
characteristics of Student’s (-test For a fixed level of sig- 
nificance a, 
8 depicting the number of 
function of the difference in 
and the two-sample 
for all combinations of 


and 
presents charts for 


the charts give constant contours of the power 
observations plotted against a 
means. S3oth the 


equal sample S1ZeS 


one-sample 
treated 


Cases are 


O1, .02, .05, .10, .20 and 
10, .50, .90, .95, .99 « xcept 
10, .10), (.10, .20 


The graphs were constructed for two-sided tests but 
the given accuracy 


within 
are equ illy applicable to one-sided tests. 


On the role of the process of reflection in radio wave propa- 
gation, F. du Castel, P. Misme, A. Spizzichino, and J. Voge, 
J. Research NBS 66D (Radio P op No. 3, 273 Vay-J une 
1962) 70 cents 

Nature offers numerous examples of irregular stratification of 
the medium for the propagation of radio waves \ study of 
the process of reflection in such a medium distinguishes be- 
tween specular reflection and diffuse reflection The phe- 
nomenon of trans-horizon tropospheric propagation offers an 
example of the application of such a process, necessary for 
the interpretation of experimental results. Other examples 
are those of ionospheric propagation (sporadic-# layer) and 


propagation over an irregular ground surface (phenomenon 
of albedo 


Currents induced on the surface of a conducting circular 
cylinder by a slot, G. Hasserjian and A. Ishimaru, J. Research 
NBS 66D (Radio Prop No. 3, 335 (May—J une 1962) 70 cents. 
This paper is a partial study of currents induced on circular, 
conducting cylinders by narrow radiating slots. First, a brief 
and general formulation of the radiation fields of slots on 
evlinders is made. Then, the problem of an infinite axial 
slot is examined thoroughly for all cylinder sizes. An ex- 
pansion for the fields, very close to the slot, on large radius 
cylinders, is also obtained. Sample computations are made, 
for various ranges of cylinder radius, and the order of the 
errors is discussed. 

The problem of a circumferential slot, of constant excitation, 
is also considered. An asymptotic expansion obtained for 
this case yields the surface current distribution for values of 
axial distances that are smaller than the square of the cir- 
cumference of the cy linder 

Since one of the objectives of this study is to determine 
mutual coupling between two slots on a cylinder, the last 
a formulation of the equivalent network in 
terms of the surface and feed line currents. 


section presents 


The interaction between an obliquely incident plane electro- 
magnetic wave and an electron beam in the presence of a 
static magnetic field of arbitrary strength, K. H. B. Wil- 
helmsson, J. Research NBS 66D (Radio Prop.) No. 4, 439 
J y-Auq. 1962) 70 cents 

The purpose of the paper Is to study theoretically the inter- 
action between an obliquely incident plane electromagnetic 
wave and an electron beam. We assume that a static mag- 
netic field of arbitrary stre ngth is present in the axial direc- 
tion. 
Machine 
electron 


made for the case of a eylindrical 
that occur in the back- 
scattering cross section as a function of the angle of incidence 
of the plane wave. The dependence of the resonance angles 
on the plasma frequency for fixed gyro frequency suggests 
a possibility to utilize the results of the investigation for 
diagnostics of a cylindrical plasma 


computations 


plasma show resonances 


The impedance of a circular loop in an infinite conducting 
medium, \ B. Kraichman, J Research NBS 66D (Radio 
Prop Vo. 4, 499 July jug. 1962) 70 cents 

Expressions are derived for the resistance and reactance of a 
circular loop of thinly insulated wire which carries a uniform 
current and is immersed in a conducting medium. The 
result for the resistance is compared with that known for a 
circular loop in a spherical insulating cavity. 
Calibration procedures for direct-current resistance appara- 
tus, P. P. B. Brooks, NBS Vono. 39 (Mar. 1962) 40 cents 

The equipment a d proce dures used at NBS for the precise 
measurement of d-c resistance are explained in detail. The 
specific application of these procedures to the calibration of 
bridges and potentiometers is explained It is expected that 
this paper will be of considerable help to the many company 
and governmental standardizing laboratories now being 
established. 

Thermocouple materials, I. Caldwell, NBS Mono. 40 
(Mar. 1962) 30 cents. 

Thermocouple materials are considered that are used _pri- 
marily as immersion temperature sensors in the range from 
0 °C up. Included are the conventional thermocouples that 
have survived since the beginnings of the art of thermoelectric 
temperature measurement, newer noble metal thermocouples, 
and thermocouples of refractory metals for use in the extreme 
range for immersed Thermocouples for thermo- 
electric generators are not considered, nor are the types com- 
monly used chiefly in radiation receivers such as those con- 
taining antimony, bismuth, and their alloys. Because of the 
wide use and increasing popularity of ceramic-packed thermo- 
couples in metal sheaths, they are included. 

Limitations of the thermocouple wires are given as to range, 
stability, environment including atmosphere, magnitude of 
thermoelectric emf, and accuracy of commercially available 


sensors 
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materials of standard and extra quality. In addition, prop- 
erties of the separate elements that are pertinent to the selec- 
tion or use of thermocouples have been compiled. Among 
these are: chemical behavior, mechanical properties, specific 
heat, density, thermal conductivity, thermal coefficient of 
expansion, emissivity, electrical resistivity, and magnetic and 
catalytic properties. 

In the case of the ceramic-packed thermocouples the follow- 
ing properties are presented: temperature range of the sheath, 
mechanical properties of the sheath, kinds of packed insula- 
tion, resistance between thermocouple wires and between 
wires and sheath, minimum bending radius of the packed 
stock, gas-tightness of the packed insulation, and types of 
measuring junctions available, i.e., grounded, ungrounded, 
bare, totally enclosed, stagnation mounting, ete. 

Not all of the above information is presented for all thermo- 
couples, but all that is readily available in the general litera- 
ture catalogs, and by private communication is included 
Limitations on use of thermocouples normally are given in 
the text, and properties of the materials generally are pre- 
sented in tables. 

A transistor-magnetic core digital circuit, I. W. Hogue, 
VBS Tech. Note 113 (PB161614) (1961) $3.00. 

\ digital amplifier of simple noncritical design incorporating 
an emitter-follower and a small magnetic amplifier is de- 
scribed. Timing and some of the operating power are pro- 
vided by a 300-ke 2-phase 7-volt sine-wave source. In 
structure and mode of operation, the amplifier is particularly 
suited for with two-level diode gating to provide the 
AND and OR logical operations. A NOT-amplifier provides 
negation with amplification. The volt-second transfer char- 
acteristic of the stage critically determines the stability of 
propagation of binary signals Factors governing the required 
of this transfer characteristic discussed. 


use 


shape are 
A survey of the literature on heat transfer from solid sur- 
faces to cryogenic fluids, R. J. Richards, W. G. Steward, and 
R. B. Jacobs, NBS Tech. Note 122 (PB161623) (1961) $1.25. 
\ bibliog: iphy of 156 references on heat transfer from solid 
Heat 
transfer data obtained from experimental work on cryogenic 
fluids are presented in graphical form. The theoretical and 
empirical formulations appearing in the references are pre- 
sented ases where sufficient information is avail- 
able to numerical computations, the formulations are 
presented graphically to permit comparison with the results 
of the experimental work 


surfaces to fluids and related phenomena is presented 


In those ¢ 


make 


Functional and design problems of the NBS RF voltage bridge, 
L. I Behrent, NBS Tech. Note 123 (PB161624) (1961) $1.00. 
\ detailed presentation is given of the practical solutions to 
the design and operating problems encountered in construct- 
ing a Thermistor Bridge similar to that used by the NBS for 
Rk Voltage Standardization. Measurement and operating 
techniques, critical structural features, as well as the proper 
use of available components are discussed. 


Evaluation of convolution integrals occurring in the theory of 
mixed path propagation, J. R. Johler and C. M. Lilley, NBS 
Tech. Note 132 (PB161633) (1961) $1.00. 

The theory of propagation of electromagnetic waves around a 
sphere treats the smooth homogeneous case, i.e., the case in 
which the surface impedance of the sphere is uninterrupted by 
an abrupt change in conductivity such as a land/sea boundary. 
It is known, however, that such a theory can be extended to 
treat inhomogeneous, irregular terrain by formulating certain 
convolution integrals which utilize the smooth homogeneous 
formulas. The evaluation of these integrals can be accom- 
plished with dispatch on a large-scale electronic computer 
with the aid of numerical analysis techniques. 

The particular case of a land/sea boundary in a smooth, 
spherical surface is illustrated for a variety of by 
evaluating the convolution integrals on a large-scale computer. 


Cases 


Historical survey of fading at medium high radio frequencies, 


R. K. Salaman, NBS Tech. Note 
cents 
This condensed historical survey contains information on 


many of the articles concerned with HF and MF ionospheric 


133 (PB161634) (1962) 75 


i 


fading, which have appeared in the literature through 1960. 
The primary emphasis is on an oblique incidence propagation, 
although many articles pertaining to fading at vertical and 
near vertical incidence (incorporating winds experiments) are 
also included. No effort was made to include the fading and 
scintillation studies in the literature of radio astronomy and 
satellite propagation, where they pertain to determining the 
characteristics of the ionosphere, and not to MF and HF 
communication. 

Information is available on the origin of fading, the approxi- 
mate dependence of fading rate on distance and frequency, 
and the amplitude distributions for particular transmission 
paths. This information is, however, not sufficient either for 
a realistic estimate of the performance of communication 
systems or for signal design consistent with the medium 
statistics. 

With respect to communication systems at MF and HF, 
information which is needed for analysis and design includes 
statistics on the amplitude distribution and the fade rate, 
depth, and duration. Such information should be obtained 
as a function of propagation mode, frequency relative to the 
predictable MUF, time, ss geographic and 
sunspot cycle. 


asOn, location, 


A study of F2-layer effects as observed with a Doppler 
technique, K. Davies, J. M. Watts, and D. H. Zacharisen, 
J. Geophys. Re search 67, 601-609 (Fe bh. 1962). 

Changes in the height and shape of the ionosphere produce 
variations in frequency, at a receiver, of waves emitted from 
astable sender. WWV-10, WWV-15, WWYV-20, and WW VH- 
10 have been recorded, at Boulder, on slow-moving magnetic 
tape. By rapid playback the Doppler frequency is converted 
into an audio frequency and the spectrum analyzed by 
conventional techniques. 

Records obtained by this technique are presented to illustrate 
the phenomena observed during magnetically quiet and 
disturbed periods. Experimental effects associated with 
solar flares and magnetic sudden commencements are pre- 
sented. The frequency dependence of the frequency varia- 
shown to give information concerning the height 
location of the associated ionospheric effects 


tions is 


Displacement and strain-energy distribution in a longitudi- 
nally vibrating cylindrical rod with a viscoelastic coating, 
P. Hertelendy, rf 1 ppl. Mechanics, No. 61-W A 1962). 

A numerical solution by R. M. Davies of the Pochhammer 
frequency equation is used to determine the displacement and 
strain distribution the cross-section of an 
infinite elastic circular cylindrical rod for a number of wave- 
lengths of the first, second, and third modes of symmetric 
longitudinal vibration. With results the effect of a 
thin uniform layer of damping material on the surface is 
investigated. It is shown that with proper choice of bar 
material and frequency range the attenuation of a progressive 
wave is virtually independent of the bulk modulus viscosity 
parameter, enabling one to relate the shear viscosity directly 
to the rate of signal attenuation. 


Superconducting magnets, R. H. 
No. 1, 1-15 (Sept. 1961 
The feasibility of employing superconducting windings for 
use in electromagnets is discussed. The principal problem 
is one of finding a material with a sufficiently high critical 
field so that the magnetic field does not quench the super- 
conductor at the desired operating condition. For fields up 
to 20 kilo-oersteds materials such as Niobium and some of 
the superconducting alloys appear practical. For fields 
greater than 20 kilo-oersteds superconducting films having a 
thickness less than the penetration depth are considered. 
Although theory and experiment on thin films are very meager 
a distinct possibility exists that these materials can be used 
to produce “air core’ solenoids of up to 90 kilo-oersteds. 
The power required (refrigeration only) to operate a magnet 
of this type may be considerably less than for a conventional 
ambient temperature magnet, 


30 


energy across 


these 


Kropschot and \V. 


Arp, 


’ 6 
Cy yogentcs 2, 


Parametric behavior of an ideal two-frequency varactor, 
G. F. Montgomery, Proc. 1RE 50, No. 1, 78-80 (1962). 

The Manley-Rowe equations for a lossless varactor network 
yield little information for the two-frequency case. With the 
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assumption of a ! termination, it is shown that 
the ratio of signal and pump frequencies must be M/2, where 
M is an integer. For M odd, a regenerative network is 
possible at the signal frequency. For M even, the network 
is possibly regenerative or nonregenerative. Other frequency 
ratios are not frequency division is not possible 
division by 2. The effects of strong 
pumping are predictable if the varactor characteristic is given. 


linear signa 


possible 
except for regenerative 


Design of retarding field energy analyzers, J. A. 
Rev. Sci. Instr. 22, No. 12, 1283-1293 (Dec. 1961 

Retarding field analysers of the plane parallel plate, the 
spherical condenser, the Faraday and the filter lens 
types are examined in some detail. The often neglected lens 
effect of the hole in the plane parallel plate through which 
the beam passes is shown to have significant effect on the 
resolution. The previous analysis of the spherical 
condenser is extended to the hemispherical case and the effect 
of the aperture in the inner sphere calculated. It is shown 
that for certain relations between the sphere sizes and the 
position of the source very high resolution may be obtained. 
The general restrictions on the performance of imaging re- 
tarding fields are considered and a design procedurt 
upon empirical knowledge 


simpson, 


cage, 


energy 


based 
of immersion lenses is given. 


Radiation beam mapping with photographic film, W. 
McLaughlin, Radiology 78, No. 1, 119-120 (Jan. 1962 
{n experiment was carried out at the National Bureau of 
Standards to examine with photographie film the uniformity 
of X- and y-ray beams in the ealibration of radiation 
By exercising certain precautions in film selec- 
tion, positioning, and photometric measurement, 
it was possible to determine the intensity distribution across 


the beams with an accuracy of one percent 


used 
instruments. 


processing, 


Stress-strain relationships in yarns subjected to rapid impact 
loading. Part VIII: Shock waves, limiting breaking velocities, 
and critical velocities, J. C. Smith, J. M. Blandford, and K. M. 
Towne, Textile Research J. 32, No. 1, 67-76 (Jan. 1962). 
An Impact breakage 
in a filament tension is called a critical velocity 
Theories required for calculating critical velocities from 
stress-strain data valid under critical velocity impact con- 
reviewed and extended. Critical velocity estimates 
calculated for textile varns using stress-strain 
ained at impact speeds near 40 m/sec. The velocities 
range in value from approximately 100 
sewing thread and glass fiber yarn to approximately 
300 msec for some vinal, ravon tire cord, acrvlic, and nylon 
varns Theory is deve loped for estimating critical velocity 
from the specific breaking energy obtained by high velocity 
impact that the estimate in this case is 
high if the r trall curve 1s predominantly 
downward, low if the stress-strain curve is predominantly 
ipward, and equal to the critical velocity estimate if 
is linear Critical velocities are also estimated from 
stress-strain data obtained at 100 min straining rates and 
compare 1 with calculations from hig velocity Impact data 
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ditions are 
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data obt 
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Current-limited rectifiers, G. F 
Vo. 2, 190-193 (Feb. 1962 

Several ac rectifier circuits 
the rectification process 
cified 
be used 


Mont gomery, Pros . 


TRE 50, 
have the property, inherent in 
of limiting their output current to 
They are technically simple and can 
as the foundation for power supplies that remain 
undamaged and absorb little power with a short-circuited 
load In combination with a de regulator, such a rectifier 
provides a supply with desirable overload 
characteristics. bridge rectifier is especially 
useful 


a& Spe maximum 


constant-voltage 


\ modified 


Statistical problems arising in the establishment of physical 
standards, W. J. Youden, Pro« Fourth Berkeley Symp. on 
Vath. Statistics and Probability 111, 321-335 (1961 

The establishment and maintenance of physical standards is 
indispensable for scientific research, commerce and industry. 
The first standards were sufficiently ahead of the existing 
needs so that precision and accuracy 
hardly raised. lh vears the requirements of research 


questions of 


recent 


were 


and industry have become extremely exacting. Questions of 
precision and accuracy are now raised on every hand. 

Among the statistical problems connected with the develop- 
ment of improved physical standards are the estimation of 
measurement precision; the design of experiments to provide 
information on the accuracy; and the reconciliation of results 
obtained in the national laboratories of the countries under- 
taking this work. This paper reviews and illustrates by 
actual examples, some of the ways in which statistical 
methodology can make contributions in this field. 


index measure- 
Sutton, J. Opt. Soc. Am. 


Rapid method for interpolating refractive 
ments, ©. N. Stavroudis and L. E 
$1, Vo. 3, 368-370 ( Via 1961 

This paper describes a method 
of refractive index versus 
Sellmeier dispersion formula, 


for fitting measured values 
wavelength to a two-termed 


by a modified least squares procedure. By clearing fractions 
and introducing auxiliary variables, a linear expression is 
obtained, the least squares solution of which provides a start- 
ing point for a linear improvement routine. The process is 
very fast and is particularly applicable to high-speed digital 
computers. While the results do not represent the ultimate 
in obtainable they provide a starting point for 
a more complex formula. 


accuracy, 
obtaining better fits using 


stress-corrosion 


Logan, 


{STM Bull.) 2, No. 2, 


A specimen for use in investigating the 
cracking of metals at elevated temperatures, I1. 
Materials Research Standards 
98-100 (Feb. 1962 
\ hollow specimen that contains the corrodent under pres- 
sure and is subjected to known tensile known 
temperatures is described 
Type 304 stainless steel specimens of this design, exposed to 
distilled water containing 20,000 ppm of chloride, and oxygen, 
in the temperature range of 455° to 615° F, generally de- 
veloped stress-corrosion cracks under mechanically applied 
‘esses of 25,000 and 30,000 psi. Stress-corrosion cracking 
more severe at stresses of 30,000 psi than at the lower 
level The presence of oxygen was necessary for the 
development of cracks 


and 


stresses at 


stress 


The three-dimensional nature of boundary-layer instability, 
P. S. Klebanoff, K. D. Tidstrom, and L. M. Sargent, J. 
Fluid Mechanics 12, Pt. 1, 1-34 (1962 

An experimental investigation is described in which principal 
emphasis is given to revealing the nature of the motions in 
the nonlinear of boundary layer instability and the 
onset of turbulence. The experimental method consisted of 
introducing in a two-dimensional boundary layer on a flat 
plate at imcompressible speeds three-dimensional disturbances 
under controlled conditions using the vibrating ribbon tech- 
nique, and studying their growth and evolution using hot-wire 
methods. It is definitely established that associated with the 
nonlinear three-dimensional wave motions there are longi- 
tudinal vortices Iixisting theoretical considerations are 
evaluated, and the results support the point of view that the 
principal nonlinear mechanism involves the nonlinear be 
havior of a three-dimensional perturbation. It is also demon- 
strated that the breakdown of the wave motion to turbulence 
is a { new instability which arises in the 
aforementioned three-dimensional wave motion. It is also 
shown that the results obtained from the study of controlled 
disturbances are equally applicable to ‘‘natural’’ transition. 


range 


consequence of a 


Dynamic behavior of a simple pneumatic pressure reducer, 
DD. H. Tsai and E. C. Cassidy, J. Basic Eng., 253-264 (June 
1961 , 

This paper presents an analysis of the dynamic behavior of a 
simple pneumatic pressure reducer. Both the non-linear and 
the linearized problems were studied. Some experimental 
results were working reducer model to 
check the validity of the analysis. The agreement between 
the non-linear solutions and the experimental results was 
satisfactory The non-linear and the linearized solutions 


also obtained on a 
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were compared in detail so as to bring out the essential 
features of the dynamic behavior in both cases. The stability 
problem was also studied, and a set of stability criteria for 
the linearized case was formulated in terms of the design and 
operating parameters of the reducer. In the few sample 
cases studied, these criteria gave correct qualitative predic- 
tions of the stability of the reducer in both the linearized 
and the non-linear ce The flow forces on three 
typical flow-metering valves were also determined by experi- 
mental measurements (Appendix 2). These results were used 
in the analytical part of the paper. 


case ase 


Effect of porosity on Young’s modulus of alumina, F. P. 
Knudsen, J. Am. Chem. Soc. 45, No. 2, 94-95 (Feb. 1962). 
A graphic compilation is presented of available data of the 
Young’s moduli of porous polycrystalline alumina at room 
temperature. The apparent dependence of Young’s moduli 

or porosity (P) could be satisfactorily approximated by 

» equation 
FE. (in kilobars) $102 e-3.95P 

A new approach to the mechanical syntactic analysis of 
Russian, I. I. Rhodes, Mech. Transl. 6, 33-50 (Nov. 1961). 
The Mechanical Translation scheme used at the National 
Bureau of Standards has dealt so far only with the syntactical 
aspects of the problem. The report describes how the diffi- 
culties encountered in this portion of the task are being over- 
come. Mention is made of the additional difficulties, belong- 
ing to the field of semantic analysis, which have not yet been 
considered by the NBS translation group. 


Double probe measurements of ionization in active nitrogen, 
H. P. Broida and I. Tanaka, J. Chem. Phys. 36, No. 1, 


238 1962 


236 
lan 
Electron temperatures and ion densities have been measured 
in nitrogen afterglows in a flow system at short times after 
the discharge In pure nitrogen a maximum occurs in the 
ionization density and in the electron temperature at 5 to 10 
msec after the discharge The of this maximum 
coincides with the visible short-duration nitrogen afterglow 
in which Not emission is prominent. Small amounts of 
added impurity decrease this ion density but cause an increase 
in the ion density at longer times, reaching a second maxi- 
mum at 80 to 100 msee after the discharge. These results 
show that ions and electrons are being produced continuously 
in nitrogen afterglows and that 
affected strongly by impurities 


position 


the rate of production is 


Sutton and 
GOS 


Fitting refractive index data by least squares, L. I. 
O. N. Stavroudis, J. Opt. Soc. Am. 51, No. 8, 901 
1961 

The accessibility of high speed computing machinery makes 
practicable the use of a routine for the least-squares fitting 
of a three-term Sellmeier equation to a set of experimentally 
determined values of index of refraction. 
a two-term Sellmeier 
described previously 

fitting of another 


Lug 


The constants of 
evaluated by a method 
These are then used in a preliminary 

The rough fit is then improved by 
an iterative process which includes an acceleration technique 
to speed convergence to the final result. In a typical 
example the average residual of index is only about 2X 10-5 
for 46 wavelengths from 0.2652 microns to 


equation are 


term 


10.346 microns. 


B. Judd, J. Photo- 
9, o. 6, 341-852 (Nov.- Dec. 1961). 

The methods used by Maxwell to reduce colour-matching data 
from rotating sector dises (Maxwell discs) so as to represent 
the chromaticity of the unknown colour on a chromaticity 
diagram (Maxwell triangle) form the basis of modern colorim- 
etry Maxwell's determination of the colour-matching 
functions for two observers carried out by these methods is 
found, when expressed in terms of flux units instead of the 
slit-width units used by Maxwell, to be in essential agree- 
ment with the 1931 CLE standard observer defining the colour 
scales currently used internationally. 


Maxwell and modern colorimetry, 1. 


graphi Sei 


Dielectric properties of solid polymers, A. J. Curtis, SPF 
Trans., 82-85 (Jan. 1962) 

Basically, the study of dielectric relaxation, by the measure- 
ment of dielectric constant and loss index over a temperature 





and frequency range, can give information about motions in 
polymers involving orientation of polar segments. Insofar 
as motion of polymers studied by other methods involves 
motion of polar segments, the results and interpretations 
should agree with those from dielectric relaxation data. 


A statistical comparison of the wearing characteristics of two 
types of dollar notes, k. B. Randall, Jr., and J. Mandel, 
Materials Research and Standards (ASTM Bull No. 1, 
17-25 (Jan. 1962). 

Two types of one-dollar notes, printed by two different 
methods two different papers, are in circulation. The 
wearing properties of these dollar notes have been compared 
by a statistical method based the concept of 
curves. 

Dollar notes in circulation in the Washington, D.C. area were 
sampled. Data from 15 samplings, or a total of 30,000 notes, 
were obtained after the notes had been sorted according to 
type (old or new), fitness and age. 

It is concluded that the median life of the new dollar note is 
approximately 30 percent longer than that of the old type of 
note using the usual Treasury standards for the evaluation 
of fitness. 


2 
9 


on 


on survival 


Non-additivity in two-way analysis of variance, J. 
J. Am. Stat issoc. 56, 878-888 (Dec. 1961) 

In two-way classification analysis of variance situations there 
often exists a systematic type of row column interaction. 
\{ model is proposed in which the interaction is of the type 
Qi,; where Q; is a parameter of the 7th row, not necessarily 
associated with the main effect for rows, and y; is the main 
effect for column 7. The analysis of data according to this 
model is given, including estimation and tests of significance. 
The model is more general than that involved in Tukey’s 
‘one degree of freedom for non-additivity’’ and includes the 
latter as a special case The relationship between the two 
methods is discussed. Applications of the method to different 
types of problems are mentioned and a numerical example is 
included 


Mandel, 


On the impedance of long wire suspended over the ground, 
J. R. Wait, Proc. TRE 49, No. 10 (Oct. 1961). 

Much has been written over the years on the subject of the 
impedance of wires lying on the ground or suspended above it. 
The possibility that a long horizontal wire will be 
radiator of very-low-frequency radio waves has reopened 
interest in the problem. It is the purpose of this note t« 
outline a rather simple solution for the impedance of an 
infinitely long wire located at a height A over a homogeneous 
flat ground 


a feasible 


Automatic screening of normal and abnormal electrocardio- 
grams by means of a digital electronic computer, H. V. Pipber- 
ger, R. J. Arms, and F. W. Stallmann, Prof. Soc. Experimental 
Biology and Medicine 106, 130-132 (1981) 

The spatial ventricular gradient was determined in 256 
electrocardiograms by means of a digital electronic computer. 
This automatic procedure allowed separation of normal and 
abnormal records with a high degree of precision. 98 percent 
of all cases with old myocardial infarctions, which are of 
prime interest in electrocardiographic diagnosis, were recogn- 
ized as abnormal. 


Electromagnetic bearing, H. 
1196-1197 (Nov. 1961). 

A shaft is supported by means of a laminated rotor which is 
magnetically suspended inside a four pole laminated stator. 
The diameter of the rotor is 154’’ and the radial clearance is 
0.002’’. The position of the shaft is sensed with the aid of 
four quadrant electrodes which surround the shaft with a 
small radial clearance. ach electrode provides part of the 
tuning capacity of an R.F. tuned circuit which is tuned to 
one side of its resonance peak with respect to an R.F 
ator. 


Sixsmith, Rev. Sci. Instr. 


32, 


. gener- 
The R.F. signal is detected and amplified to provide 
the control current in the corresponding winding on the stator. 
The bearing was found to run smoothly up to 23000 rpm. 
With further development, a reliable and useful bearing should 
result. 
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Traveling pressure waves associated with geomagnetic 
activity, P. Chrzanowski, G. Greene, K. T. Lemmon, and 
J. M. Young, J. Research 56, 11, 3727-3733 
Vo 1961 

Traveling atmospheric pressure waves with periods from 20 
to 80 seconds and pressure amplitude from about 1 to 8 
dynes/cm? have been recorded at a microphone station 
at Washington, D.C., during intervals of high geomagnetic 
activity. Trains of these waves can be expected at Wash- 
from a quadrant approximately centered on north 
whenever the magnetic index AK, rises to a value above 5 
Their horizontal phase velocity across the station is usually 
higher than the speed of sound. During two ‘red’ 
auroras, clearly visible at Washington and at lower latitudes, 
the 20- to 80-second-period waves were accompanied by 
longer period, higher pressure, and much slower traveling 
pressure disturbances Observational data the wave 
svstems are presented and discussed. 


Geophys. No. 
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Use of an operational amplifier with Helmholtz coils 
reducing ac induced magnetic fields, L. A. Marzetta, 
Sci. Instr. 32, No. 11, 1192-1195 (Nov. 1961) 
\ feedback system is described for canceling magnetic fields 
resulting from alternating currents. The design features of 
an operational amplifier are offered. In addition the nature 
of the phase shift contributed by mutual inductance elements 
the feedback path is discussed. Magnetie fields with a 
flux density of milligauss can be reduced by about two 
orders of magnitude with the system. 


for 
Ret 


one 


Dielectric properties of polyamides, A. J. Curtis, J. Chem 


Phys 34, No. 5, 1849-1850 ( Vay 1961 


The dielectric relaxation in two polyamides has been studied 
over a temperature from 100 175° C and a fre- 
quency range from 50 eps to 10 Me/s The effects of various 
thermal tre relaxation behavior have been 
studied. The polyamides were poly(hexamethylene adipam- 
de) and poly(hexamethylene sebacamid Four relaxation 
I have identified. Mechanical relaxation 
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